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Polymeric colloidal particles such as polyelectrolyte multilayer capsules and hydrogel 
particles represent a widely studied class of colloids with real life applications spanning 
a huge range of different fields. A comprehensive literature review on hydrogel particles 
and polyelectrolyte multilayer capsules is covered in Chapter 2. Polyelectrolyte 
multilayer capsules are functional carriers widely utilized for the encapsulation and 
delivery of biomolecules, food ingredients or cosmetics and hydrogel particles are 
commonly used for cell encapsulation, as scaffolds in tissue engineering or gel matrix 
in ionic exchange or size exclusion chromatography.   
Remarkably, despite their wide variety of applications and advantages, polyelectrolyte 
capsules and hydrogel particles have remained as separate entities. In this Ph.D. work, 
we have successfully developed a unified approach which merges the functionalities and 
properties of polyelectrolyte capsules and hydrogel particles to create an integrated 
colloidal system. This colloidal system is created from parameters that can be easily 
engineered such as polymer concentration, layer number, crosslinking efficiency, core 
and shell materials. By tailoring fabrication parameters, different capsule and particle 
morphologies can be created, namely: Hollow capsules, multi-compartment particles 
and core-shell particles with membrane-like shells.  This is thoroughly discussed in 
Chapters 3, 4 and 5 respectively.  
Lastly, in Chapter 6, the potential applications and future outlook of polymeric capsule 
or particle assemblies created from this approach are discussed. These polymeric 
assemblies could function either as biodegradable delivery vessels for controlled 
enzymatic release of cargo, as biostable delivery containers for passive and selective 
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release of small molecules or even as multi-density compartments for the separation of 
differently-sized macromolecules. In the future, these polymeric assemblies are 
envisioned as viable platforms for artificial cell mimics, theranostics, regenerative 
medicine and other applications in synthetic biology.
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CHAPTER 1 - INTRODUCTION 
 
1.1 Background 
Polymeric colloidal particles such as polyelectrolyte multilayer (PEM) capsules and 
hydrogel particles represent a widely studied class of colloids with real life applications 
spanning a huge range of different areas such as the food, cosmetics, pharmaceutical 
and agricultural industry, and utilized in different ways as smart sensors, cargo delivery 
vehicles, rheology modifiers and even microreactors.  
More specifically, PEM capsules are functional carriers fabricated from layer-by-layer 
(LbL) polyelectrolyte self-assembly and widely utilized for the encapsulation and 
delivery of biomolecules, food ingredients, agrochemicals or cosmetics. Hydrogel 
particles, both natural and synthetic, are commonly used for cell encapsulation, as 
scaffolds in tissue engineering, microreactors or gel matrix in ionic exchange or size 
exclusion chromatography.  Remarkably, despite their wide variety of applications and 
advantages, polyelectrolyte capsules and hydrogel particles have remained as separate 
entities and a unified approach which merges the functionalities of both polyelectrolyte 
capsules and hydrogel particles still does not exist.  
 
1.2 Main Objective and Specific Aims  
The main objective of this Ph.D. work is to develop a unified approach which combines 
the functionalities and properties of polyelectrolyte capsules and hydrogel particles to 
create a multi-functional colloidal system which is able to selectively adsorb, 
encapsulate and release biomolecular cargo. This colloidal system is to be created from 




parameters that can be easily engineered such as polymer concentration, layer number, 
crosslinking efficiency, core and shell materials. Polymeric capsule or particle 
assemblies created from this approach could potentially serve both as delivery vehicles 
and reaction compartments and are envisioned as viable platforms for artificial cell 
mimics, theranostics and other applications in synthetic biology. 
To accomplish the main objective, the research work was sub-divided to achieve three 
specific aims: 
Specific Aim 1 (Chapter 3): To synthesize edible and biodegradable polyelectrolyte 
capsules from “Generally Recognized as Safe” (GRAS) materials.  
Specific Aim 2 (Chapter 4): To construct core-shell or full particles with multi-density 
shell compartments for the retention and separation of biomacromolecules. 
Specific Aim 3 (Chapter 5): To fabricate core-shell particles with membrane-like 
polymeric shells for the selective encapsulation and release of biomacromolecules. 
 
1.3 Scope of Research 
We have developed novel organic solvent-based approaches to fabricate and modify the 
properties of polymeric capsules and particles. With this method, systematic engineering 
of encapsulation, adsorption and release properties can be achieved, resulting in 
different capsule and particle morphologies, namely: Hollow capsules, multi-
compartment particles and core-shell particles with membrane-like polymeric shells 
(Scheme 1.1).  By tailoring fabrication parameters such as polymer concentration, layer 
number, crosslinking efficiency, core and shell materials, polymeric assemblies with 
different properties were created. Studies were also carried out which demonstrate 




specific properties of the different polymeric assemblies such as enzymatic release of 
encapsulated cargo, retention, separation and selective release of differently-sized 
macromolecules. Through this work, we aspire to demonstrate the potential of this 
approach in creating an integrated and multi-functional platform for applications in 
synthetic biology, advanced drug delivery or regenerative medicine. 
  
Scheme 1.1 Systematic approach to create polymeric assemblies with unique properties 
and morphologies, namely: Hollow capsules, multi-compartment particles and core-
shell particles with membrane-like polymeric shells. Green and blue colors indicate 
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CHAPTER 2 - LITERATURE REVIEW 
 
2.1 Introduction 
The literature review focuses on the synthesis and applications of polyelectrolyte 
multilayer capsules and hydrogel particles. This chapter covers the basic principles 
behind various synthesis approaches, the common materials used for the preparation of 
core and shell components of hollow capsules and the hydrogel matrix of full porous 
particles as well as recent biology-related applications involving the use of 
polyelectrolyte multilayer capsules and hydrogel particles. 
 
2.2 Polyelectrolyte Multilayer (PEM) Capsules  
2.2.1 Layer-by-Layer (LbL) Polyelectrolyte Self-Assembly 
PEM capsules are functional carriers created by the LbL polyelectrolyte self-assembly 
technique.[4] The LbL polyelectrolyte self-assembly technique was first introduced by 
G. Decher for the deposition of multilayer films onto macroscopic flat charged 
substrates.[5] The technique, in brief, utilises the electrostatic attraction between 
oppositely charged polyelectrolytes as the main driving force for multilayer build-up 
(Scheme 2.1). The same assembly technology was later applied on colloidal templates 
and decomposition of the encapsulated templates leads to the formation of PEM 
capsules.[6-8] The main advantages of PEM capsules lie in the ease of control of 
permeability and thickness of the capsule walls and flexibility in the choice of layer 
materials (e.g. poly(ethylenimine) (PEI), poly(L-lysine) (PLL), 
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poly(diallyldimethylammonium chloride) (PDADMAC), poly(allylamine 
hydrochloride) (PAH), poly(styrenesulfonate) (PSS), poly(glutamic acid) (PGA), 
poly(acrylic acid) (PAA)),[9-11] making this technique a facile and versatile approach to 
fine-tune the physicochemical properties and functionality of capsules. 
 
Scheme 2.1 (A, B) Schematic diagram of the buildup of LbL multilayer assemblies by 
the consecutive adsorption of anionic and cationic polyelectrolytes. (C) Chemical 
structures of typical polyelectrolyte pair used in LbL assembly, PAH and PSS. From ref. 
[5]. Reprinted with permission from AAAS. 
 
For different types of applications, different routes for capsule synthesis are required. 
The more commonly utilized template cores for fabrication of hollow capsules are 
silicon dioxide (SiO2),
[12] melamine formaldehyde (MF),[13] calcium carbonate 
(CaCO3)
[14] and polystyrene (PS).[15-16]  
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SiO2 particles are available in a broad size range and exhibit high monodispersity. Once 
the capsule shell formation is completed, SiO2 templates can be entirely dissolved in 
hydrofluoric acid. Heat treatment can also be employed for the stable encapsulation of 
materials within PDADMAC/PSS microcapsules made from SiO2 templates.
[17]  
Weakly crosslinked, monodisperse MF templates were extensively analyzed for the 
fabrication of hollow polyelectrolyte microcapsules. MF particles are commercially 
available in the of size range 0.3 to 1 µm and can be dissolved via acid catalysed 
decomposition of the polymer network. However, incomplete elimination of toxic MF-
oligomers might occur, causing problems for biological applications. 
CaCO3 microparticles are excellent for loading of biological materials since they are 
non-toxic and can be easily removed by complexation with ethylenediaminetetraacetic 
acid (EDTA). CaCO3 particles exhibit lower monodispersity than SiO2 or MF templates. 
Materials can be incorporated into CaCO3 microparticles during synthesis via co-
precipitation.[18]  
In a few cases, PS particles were used as core, which can be dissolved in tetrahydrofuran 
(THF).[19] The swelling of PS in THF leads to a large volume increase that causes 
capsule fractures. The prevention of high amounts of broken capsules is therefore very 
dependent on the procedure for removal of PS templates. 
 
2.2.2 Organic Solvent-Based Encapsulation Tecniques 
2.2.2.1 Reverse-Phase LbL (RP-LbL) Self-Assembly 
In the conventional aqueous-based LbL assembly, encapsulation efficiency of highly 
water soluble biomolecules, such as DNA and protein, was poor due to the leeching out 
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of molecules into the aqueous medium. A Reverse-Phase LbL approach was introduced 
by Beyer et al.[20] The main difference is that the entire encapsulation process is carried 
out in an organic phase instead of an aqueous medium. In this method, the water soluble 
template material is dispersed in an organic solvent and non-ionized polyelectrolytes 
dissolved in the same organic phase are used as depositing layers. As the 
polyelectrolytes are non-ionized or only slightly ionized, the deposition of layers is most 
possibly driven by a solid phase acid-base reaction instead of electrostatic forces. With 
the RP-LbL, direct encapsulation of highly water soluble biomolecules in the solid state 
becomes possible, hence extending the LbL technique to highly water soluble templates 
such as ascorbic acid, glucose and sodium chloride (Figure 2.1). 
 
Chapter 2 - Literature Review 
10 
 
Figure 2.1 Optical images demonstrating the RP-LbL encapsulation of (A) glucose, (B) 
sodium chloride, and (C) ascorbic acid. Images show (a) RP-LbL encapsulated crystals 
in ethanol before addition of water, (b) after addition of water, and (c) the empty capsule 
material after complete dissolution of template. Reprinted with permission from ref. [20]. 
Copyright 2007, American Chemical Society. 
 
2.2.2.2 Inwards Buildup Self-Assembly 
The inwards buildup of polymeric layers is based on the diffusion of PA solubilized in 
an organic solvent into the peripheral matrices of agarose particles.[21] This is driven by 
the concentration gradient between the external solution and internal agarose matrix. It 
is hypothesized that upon diffusion, the PA forms complexes with the agarose polymers 
via hydrogen-bonding. The inwards buildup self-assembly is fundamentally different 
from previous work on active transport of linear polyions into oppositely charged 
hydrogels,[22-23] and from the outwards buildup of LbL layers. Polymeric layers diffuse 
inwards after passing through previously formed layers. This is in contrast to the 
previously reported “relay-race” transfer[24] of polyion segments by which a bound 
polymer is substituted and forced inwards by an incoming polymer. Figure 2.2 
demonstrates the inwards buildup of polymeric layers and shows that layer formation is 
a result of PA diffusing inwards, passing any PA-agarose complex, and forming a 
complex with the next free agarose polymer.  




Figure 2.2 Overlay of optical and confocal fluorescence microscopy images of agarose 
microbeads with different number of niPA concentric layers: (A) 1 layer (PA-FITC), (B) 
2 layers (PA-FITC/PA-TRITC), (C) 3 layers (PA-FITC/PA-TRITC/PA-FITC), (D) 4 
layers (PA-FITC/PA-TRITC)2, (E) 5 layers ((PA-FITC/PA-TRITC)2/PA-FITC), and (F) 
6 layers (PA-FITC/PA-TRITC)3. Insets: magnified images of the fluorescent layers. 
Reprinted with permission from ref. [21]. Copyright 2010, John Wiley & Sons, Inc. 
 
2.2.3 LbL Assembly Technologies 
Recent advances in LbL assembly technologies have explored different driving forces 
for the assembly process when compared with classical LbL assembly, where a substrate 
is immersed in a polymer solution. Examples of different assembly technologies that are 
now available include: dipping,[25] dewetting,[26] roll-to-roll,[27] immobilization,[28] 
spinning,[29] high gravity,[30] spraying,[31] electrodeposition,[32] magnetic assembly,[33] 
filtration[34] and microfluidics.[35] These technologies can be grouped into five broad 
categories namely, (A) immersive, (B) spin, (C) spray, (D) electromagnetic and (E) 
fluidic assembly. LbL assembly technologies are still actively being explored, with 
research illuminating how underlying forces affect the formation, properties and 
performance of the films, as well as the ease, yield and scale of the processing.  




2.2.4 Applications of PEM Capsules 
2.2.4.1 Micro-bioreactors 
PEM microcapsules can be used as micro-bioreactors to carry out in vitro DNA 
amplification. Mak et al. demonstrated a novel approach to perform a high number of 
individual PCRs termed Microcapsule-PCR.[36] In this technique, LbL assembly on 
agarose particles was used to produce polymeric capsules with PCR reagents 
encapsulated within the hydrogel matrix. The semi-permeable capsule wall then allows 
small dNTP molecules to diffuse through while retaining large PCR product molecules 
within the capsule (Figure 2.3). The microcapsule-PCR technique is not limited by the 
initial supply of substrate due to the permeability of the capsule walls and therefore 
allows for a much higher number of individual PCRS to be performed in parallel.  
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Figure 2.3 (A) Schematic representation of a multiplex PCR experiment to prove that 
individual PCR microcapsules do not exchange material. (B) Gel electrophoresis data 
from multiplex Microcapsule-PCR and control experiments. (C1) Phase contrast and 
corresponding (C2) fluorescent images demonstrating the accumulation of 
fluorescently-labeled PCR product within the interior of capsules. (C3) Phase contrast 
and corresponding (C4) fluorescent images of negative control Microcapsule-PCR 
without template. Reprinted with permission from ref. [36]. Copyright 2008, John Wiley 
& Sons, Inc. 
 
Recently, RNA was successfully transcribed from pre-encapsulated DNA template and 
externally introduced RNA polymerase and nucleotides.[37] Accumulation of 
synthesized RNA within the PEM capsule was monitored via flow cytometry. The 
RNA-filled capsules were then successfully internalized by mammalian cells. This 
method of encapsulated transcription demonstrates a unique biomedical platform, where 
polymeric capsules are able to serve as both microreactors and biocompatible delivery 
vehicles. A continuing challenge is the design of capsules that can be controllably 
degraded and/or exhibit selective release of functional RNA into the cellular cytosol. 
 
2.2.4.2 Delivery of Therapeutics: Cellular Internalization and Cytotoxicity 
The first studies into the interaction of PEM capsules with mammalian cells 
demonstrated that even micron-sized capsules (∼5 μm) can be internalized, thus opening 
the avenue for their use in intracellular drug delivery.[38] Since then, a variety of capsules 
varying in size, surface chemistry and charge were shown to be internalized by various 
cells.[39-41] De Rose et al. used a range of 1 μm-sized PEM capsules and investigated 
their internalization by white blood cells (WBC) in whole human blood (Figure 2.4).[42] 
Candidate capsules included those prepared using synthetic (PSS, PAH) and natural 
(PLL, PGA) polyelectrolytes, capsules obtained via DNA hybridization as well as 
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thiolated poly(methacrylic acid) (PMASH) capsules. None of these capsules exhibited 
interaction with red blood cells, as verified by flow cytometry. At a 100:1 capsules to 
WBC ratio, more than 90% of monocytes and between 20 to 50% of dendritic cells (DCs) 
were positive for capsules regardless of their material and surface chemistry, making 
these candidate carriers applicable for vaccine delivery. At a lower ratio (10:1), 
positively charged capsules and PGA capsules were more effective in association with 
WBC and DCs in particular, while fewer DCs were positive for DNA and PMASH 
capsules at these conditions. At a 1:1 ratio, a more therapeutically relevant scenario, few 
WBC exhibited capsules uptake. This result is disappointing for vaccination 
applications but implies that the capsules may effectively evade internalization and 
elimination from blood.  
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Figure 2.4 Binding of fluorescently-labeled capsules by human white blood cells in 
fresh whole blood. Association of gated dendritic cells, monocytes and all white blood 
cells with fluorescently-labeled capsules with different outer layer surface chemistries 
(PAH, PSS, PLL, PGA, DNA and PMASH) incubated at different ratios of capsules to 
white blood cells (100:1, 10:1 and 1:1), as measured by flow cytometry. Reprinted with 
permission from ref. [42]. Copyright 2008, John Wiley & Sons, Inc. 
 
Using capsules for drug targeting remains largely unexplored. In fact, even the 
conjugation of low fouling or targeting molecules on the surfaces of polymer capsules 
remains a challenge in the field. Surface modification with poly(ethylene glycol) (PEG) 
is a historically successful strategy to endow a surface with low fouling characteristics. 
However, successes of this approach when applied to PEM capsules in the context of 
cellular internalization are surprisingly few. Wattendorf et al. reported on the use of 
graft copolymers of PEG with PLL or PGA as adlayers to modify the capsules towards 
their controlled interaction with macrophages and dendritic cells.[43] This study 
highlights the importance of achieving a certain surface coverage with PEG upon which 
the capsules become low fouling. In a similar approach, Cortez et al. used PSS polymers 
modified with PEG monoacrylate and assembled multilayered capsules with PAH.[44] 
PEGylated capsules exhibited a lower binding to cultured colorectal cancer cells as 
compared to PSS/PAH capsules. These strategies can be adapted to a range of capsules 
via a rational choice of PEG-containing copolymers. 
 
2.3 Hydrogel Particles  
Hydrogels contain mostly water, thereby providing a favorable physiological 
environment for the encapsulation of biomolecular cargo. By definition, hydrogels are 
polymer networks having hydrophilic properties. However, hydrophobic monomers are 
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sometimes used in hydrogel preparation to regulate the properties for specific 
applications. Hydrogels can be produced in a wide variety of forms including 
membranes,[45] rods,[46] particles,[47] and emulsions.[48] 
 
2.3.1 Preparation of Natural or Synthetic Polymeric Hydrogels 
In general, hydrogels can be prepared from either synthetic polymers or natural 
polymers. Synthetic polymers are hydrophobic in nature and chemically stronger 
compared to natural polymers. Their good mechanical strength results in slow 
degradation rate, on the other hand, it is durable. Fundamentally, a hydrogel is just a 
hydrophilic polymeric network crosslinked in some fashion to produce an elastic 
structure. Thus, any technique which can be used to create a crosslinked polymer can be 
used to produce a hydrogel. Copolymerization/crosslinking free-radical polymerizations 
are commonly used to produce hydrogels by reacting hydrophilic monomers with 
multifunctional crosslinkers.[49] Water-soluble linear polymers of both natural and 
synthetic origin are crosslinked to form hydrogels in a number of ways: 1. Linking 
polymer chains via chemical reaction. 2. Using ionizing radiation to generate main-
chain free radicals which can recombine as crosslink junctions. 3. Physical interactions 
such as entanglements, electrostatics, and crystallite formation.  
Some common examples of synthetic hydrogels include lightly crosslinked copolymers 
of acrylate and acrylic acid, and grafted starch-acrylic acid polymers prepared by inverse 
suspension, emulsion polymerization, and solution polymerization.[50-51] Natural 
polymeric hydrogels are typically polysaccharides and proteins comprised of glycosidic 
and amino acid repeating units, respectively, extracted from animal collagen, plants, and 
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seaweed. Hydrogels of natural polymers are, in general, non-toxic and biodegradable. 
Some examples include agarose,[52] alginate[53] and chitosan.[54] 
 
2.3.2 Multi-Membrane Hydrogels  
Complex hydrogels with multi-membrane ‘onion-like’ structures were generated from 
a multi-step interrupted gelation process in controlled physico-chemical conditions 
without the use of external crosslinkers (Figure 2.5).[55] This approach greatly simplifies 
the processing of physical hydrogels with a multi-membrane organization and allows 
the formation of free ‘inter-membrane’ spaces well suited for cell or drug introduction. 
This approach has been applied on chitosan and alginate,[56] but it is applicable to a 
variety of other amphiphilic polymers, especially natural polyelectrolytes such as 
hyaluronic acid.  
 
Figure 2.5 (A) Schematic diagram of the multi-membrane onion-like structures; (B) 
multi-membrane biomaterial with 'onion-like' structure based on chitosan. Reprinted 
with permission from Macmillan Publishers Ltd: Nature ref. [57], Copyright 2008. 
 
These architectures take advantage of tailor-made multi-membrane spherical structures 
and are potentially useful in biomedical applications. To validate the usefulness of this 
system as a biomaterial, chondrocyte culture was carried out within the multi-membrane 
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hydrogels of chitosan.[58] Cell aggregates were observed in several inter-membrane 
spaces, showing that cells can be introduced and cultured for applications in tissue 
engineering. 
 
2.3.3 Applications of Hydrogel Particles 
2.3.3.1 Cell Encapsulation 
Encapsulating cells in biodegradable hydrogels offers many attractive features for tissue 
engineering, including ease of handling, a highly hydrated tissue-like environment for 
cell and tissue growth, and the ability to form in vivo. Batorsky et al. have developed a 
system to encapsulate adult human mesenchymal stem cells (hMSC) within spherical 
microparticles consisting of a defined mixture of collagen Type I and agarose 
polymers.[59] Collagen concentrations up to 40 wt% were tested. Cell viability post-
encapsulation was in the range of 75 to 90% for all agarose-collagen mixtures and 
remained at this level for 8 days in culture (Figure 2.6). Fluorescent staining of the actin 
cytoskeleton revealed that hMSC spreading increased with increasing collagen 
concentration. Thus, this approach offers a way to control cell-matrix interactions and 
guide hMSC differentiation. These agarose-collagen hydrogel particles can potentially 
be used as cell delivery vehicles in tissue repair applications. 




Figure 2.6 Viability of hMSC at (A – C) day 0 and (D – F) day 8 in hydrogel particles 
with varying collagen concentration. Overlay of optical and corresponding fluorescent 
images to visualize both particles and cells. Reprinted with permission from ref. [59]. 
Copyright 2005, John Wiley & Sons, Inc. 
 
Although cell encapsulation in natural and biodegradable hydrogels prepared from 
collagen, fibrin, alginate or agarose has seen early successes in growing tissues,[60-62] 
hydrogel properties are difficult to control. To engineer living tissues with structural and 
biochemical similarity to the native tissue, there is a need to better control hydrogel 
properties for cell encapsulation. To achieve this goal, recent strategies have focused on 
synthetic hydrogels, which allows greater control over its properties. 
 
2.3.3.2 Gel Filtration 
In gel filtration molecules in solution are separated according to differences in their sizes 
as they pass through a column packed with a chromatographic medium which is a gel.[63] 
In gels made for gel filtration, the pores have a carefully controlled range of sizes, and 
the matrix is chosen for its chemical and physical stability and inertness. Gels may be 
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formed from polymers by crosslinking to form a three-dimensional network; for 
example Sephadex[64] which is formed by crosslinking dextran. Other polymers, like 
agarose, form gels spontaneously under the appropriate conditions. Composite gels may 
also be prepared by grafting a second polymer onto a pre-formed matrix. For example, 
Superdex gel is formed from covalent-bonding dextran chains to a highly crosslinked 
agarose gel matrix. Composite gels are particularly interesting since they can combine 
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Traditionally, PEM capsules are prepared from synthetic and non-degradable 
polyelectrolytes such as poly(allylamine hydrochloride) (PAH), poly(styrene sulfonate) 
(PSS), poly(acrylic acid) (PAA) and poly(diallyldimethylammonium chloride) 
(PDADMAC).[4, 65] To shorten the transition from research to biomedical applications, 
many PEM capsules are now assembled from biodegradable materials. Common 
examples include poly(lysine)/poly(glutamic acid) (PLL/PGA),[66] dextran 
sulfate/poly(arginine) (DS/pARG)[67] and poly(lysine)/hyaluronic acid (PLL/HA)[41] 
polyelectrolyte capsules. However, due to strict regulatory procedures, time consuming 
and rigorous testing is still required to prove their safety and effectiveness.[68] To 
overcome this barrier, materials designated “Generally Recognized as Safe” (GRAS) by 
the U.S. Food and Drug Administration (FDA) can be used. PEM capsules constructed 
from selected GRAS materials will be safe for consumption and biodegradable. This 
will greatly facilitate their integration into both food and biomedical industries. Up to 
date, chitosan/alginate polyelectrolytes are the only known GRAS substances used in 
LbL assembly of PEM capsules.[69] However, capsules assembled via aqueous phase 
LbL suffer severe loss of water-soluble cargo during encapsulation,[70] making them less 
attractive for industrial applications. 
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In Chapter 3, we report on the organic phase assembly and characterization of 
polyelectrolyte microcapsules made entirely or partially from GRAS-approved 
materials. We also demonstrate how layer number and the use of different crosslinkers 
can be used to regulate enzymatic release of cargo from these capsules. PEMs are 
assembled onto highly water-soluble templates by a Reverse-Phase LbL (RP-LbL) 
encapsulation process.[20] Unlike aqueous LbL assemblies, RP-LbL uses organic 
solvents instead of water to dissolve the polymer to be coated. This solved the problem 
of template dissolution and payload leakage during encapsulation.[71-72] Assembled in 
an organic phase and consisting only of GRAS substances, the edible microcapsules 
presented herein have great potential as enzyme or drug delivery vehicles.  
ɛ-polylysine (EPL) and polyglutamic acid (PGA) were chosen as polyelectrolyte pair 
for PEM assembly as they are both GRAS substances,[73-74] soluble in ethanol and have 
excellent biocompatibility.[66] Absolute ethanol was the organic solvent of choice since 
it is used in producing alcoholic beverages and is completely safe for consumption. Low 
molecular weight sugar particles are ideal templates for edible microcapsules as they are 
known to protect proteins against denaturation in aqueous solutions.[75] Furthermore, the 
sugar-protein mixture can be spray-dried into a homogeneous template,[76] enabling 
automated and high throughput fabrication of cargo-loaded templates. EPL/PGA 
multilayers were assembled onto sugar templates by stepwise deposition of EPL (odd 
layers) and PGA (even layers) in ethanol containing 5 mM HCl (Scheme 3.1). The 
assembled layers were further crosslinked to strengthen the polymer capsule and control 
capsule degradation. As a final step, hollow polyelectrolyte microcapsules were formed 
by dissolving the sugar templates with water. 
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Scheme 3.1 Reverse-Phase Layer-by-Layer (RP-LbL) assembly of ɛ-polylysine (EPL) 
and polyglutamic acid (PGA) on sugar-cargo particles, followed by crosslinking and 
template dissolution to form cargo-loaded hollow capsules. 
 
3.2 Materials and Methods  
3.2.1 Materials 
Maltotriose hydrate 95%, dextran-TRITC (Mw 155 000 g mol
-1), poly-L-glutamic acid 
sodium salt (PGA, Mw 50 000 g mol
-1), proteinase K, genipin, N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), 
tetramethylrhodamine isothiocyanate (TRITC), ammonium fluoride – hydrofluoric acid 
mixture 7:1, calcium chloride (CaCl2), hydrochloric acid (HCl) solution 1.0 M were 
purchased from Sigma-Aldrich, US. ɛ-polylysine (EPL, Mw 4 700 g mol-1) 25% solution 
in water was purchased from JNC Corporation, Japan. Carboxylated silica particles, 
(Product code: S2605, 5.56 µm ± 0.24 µm) and carboxylated polystyrene particles, 
(Product code: KM28, 5.38 µm) were purchased from Microparticles GmbH, Germany. 
Hydrochloric acid (HCl) solution 10 M was purchased from VWR, US. Absolute 
ethanol was purchased from ROMIL, UK. Phosphate buffered saline (PBS) solution 10x, 
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pH 7.4 was purchased from Vivantis Technologies, Malaysia. Ultrapure water was 
purchased from Invitrogen, US. Transglutaminase (TG) from Streptoverticillium 
mobaraense was received as a free sample from AJINOMOTO, Japan. 
 
3.2.2 Preparation of Sugar Templates 
Maltotriose powder was used as the template material for experiments. Dextran-TRITC 
(Mw 155 000 g mol
-1) was used as a fluorescent tracer. A sugar template and dextran-
TRTIC mixture was prepared by mixing in a mass ratio of 99:1, dissolved in ultrapure 
water. The solution was freeze dried overnight to obtain a homogenous solid mixture 
and ground in a mortar until particles in the size range of 10 to 100 µm were obtained. 
The particles were then re-suspended in absolute ethanol. 
 
3.2.3 Preparation of ɛ-Polylysine (EPL) and Polyglutamic Acid (PGA) in Absolute 
Ethanol 
For preparation of PGA ethanol solution, PGA sodium salt powder was first dissolved 
in a small amount of ultrapure water (5.6 µL per mg of PGA sodium salt). 0.65 µL of 
HCl (10 M) per mg of PGA sodium salt was added to obtain a non-ionized PGA solution. 
Next, absolute ethanol was added to obtain a final PGA concentration of 1 mg mL-1. 
The PGA solution was subjected to heating, sonication and vortex cycles until no more 
PGA would dissolve. Undissolved PGA particles were filtered and removed. 0.5 µL of 
HCl (10 M) per mL of PGA ethanol solution was added. For preparation of EPL ethanol 
solution, EPL solution was diluted in absolute ethanol to obtain a final EPL 
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concentration of 1 mg mL-1. For fluorescent microscopy studies, an EPL-TRITC 
conjugate in the ratio of 1:100 (fluorophore:EPL monomer) was prepared. 
 
3.2.4 Reverse-Phase Layer-by-Layer (RP-LbL) Encapsulation 
100-200 µL of particle suspension was incubated with 1 mL of EPL (1 mg mL-1) for 10 
min with gentle vortexing, followed by removal of excess polymer by two washing, 
centrifugation (2 800 rpm, 30 s) and re-dispersion cycles with absolute ethanol. The 
template particles were coated with a second layer by incubation with PGA using similar 
incubation, washing and re-dispersion procedures, except that ethanol containing 5 mM 
HCl was used as washing buffer. Alternate deposition of EPL and PGA was performed 
until the desired number of layers was achieved. Acidified Ethanol was used as washing 
buffer for all subsequent layer depositions. 
 
3.2.5 Hollow Capsule Formation by Sugar Template Dissolution 
To observe hollow capsule formation, a small aliquot of encapsulated sugar templates 
in ethanol was placed between a glass slide and cover slip. A drop of sugar solution (1 
µL) was placed on the edge of the cover slip and allowed to spread slowly until the sugar 
cores are dissolved and hollow shells are formed. Concentrated sugar solution (200 mg 
mL-1) was used to maintain a stable osmotic pressure.  
 
3.2.6 Crosslinking Efficiency Study 
EPL-TRITC/PGA-coated silica particles (carboxylated) were incubated with 1 mg of 
EDC, Genipin or TG powder dissolved in 1x PBS, pH 7.4. Concentration of crosslinker 
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was used in excess. The particles were incubated at 37 °C for 1.5 h under gentle vortex. 
Excess crosslinker was removed by two washing, centrifugation (5 000 rpm, 1 min) and 
re-dispersion cycles with 1x PBS. 1 mL of ammonium fluoride (NH4F) etching mixture 
was added to silica particles and vortexed for 10 min to dissolve silica core to form 
hollow capsules. Excess NH4F was removed by two washing, centrifugation (10 000 
rpm, 5 min) and re-dispersion cycles with 1x PBS. Used pipette tips and supernatant 
were disposed in CaCl2 solution. The hollow capsules were added with 5 µL of 5 mg 
mL-1 proteinase K and incubated at 37 °C for 2 h. Capsule concentration was counted 
using a hemocytometer. 
 
3.2.7 Zeta-Potential Measurement  
Polystyrene beads (carboxylated) were coated with different number of layers from 1 to 
8 via alternating deposition of EPL and PGA using the RP-LbL encapsulation technique 
(protocol described earlier). Zeta-potential was measured by diluting 10 µL of particle 
suspension in 1 mL ethanol containing HCl for layers 1 to 8 and absolute ethanol for 
layer 0 (uncoated particles) with parameters set to 1.359 (25 °C) for refractive index, 
1.07 cP (25 °C) for viscosity and 24.3 (25 °C) for permittivity to obtain a valid zeta-
potential by the Smoluchowski equation (ZetaSizer Nano, Malvern, UK).  
 
3.2.8 Fluorescence Intensity Measurement 
Silica beads (carboxylated) were coated with different number of layers from 1 to 8 via 
alternating deposition of EPL-TRITC and PGA using the RP-LbL encapsulation 
technique. All samples were re-suspended in ethanol containing HCl before 
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measurement. Fluorescence microscopic images were recorded using a CCD color 
digital camera, Retiga 4000R (QImaging, Canada) connected to a system microscope 
(Olympus BX41, Japan). Bandpass filters with λex 540 nm and λem 605 nm were used 
for TRITC detection. Images were captured with QCapture Pro software (Version 
5.1.1.14, QImaging, Canada) and analyzed by ImageJ software (Scion Corp., USA). 
Approximately 200 fluorescent particles were measured for each data point. 
 
3.2.9 Atomic Force Microscopy Layer Thickness Measurement 
For EPL/PGA multilayer assembly, wafer slides were sequentially immersed into 
solutions containing 1 mg mL-1 of EPL or PGA in acidified ethanol. A period of 20 min 
was allowed for the deposition of each layer, after which the slides were rinsed with 
acidified ethanol three times for 1 min and dried with nitrogen. Slides were then 
scratched with a scalpel blade for AFM analysis and the surface profile was measured. 
Line scans in random positions on the slide were used to estimate the layer thickness 
after each deposition step (individual slides). 
For AFM on hollow capsules, 5 μL of a dilute particle solution coated with 1 to 4 
bilayers was deposited on a clean silicon wafer slide, 1 µL of NH4F mixture was added 
and allowed to react. After 1 min, the supernatant was collected carefully and replaced 
with ultrapure water to wash off excess NH4F and dissolved silica, the washing 
procedure was repeated twice and the suspension was allowed to dry. AFM scans were 
carried out with a Nanowizard II atomic force microscope (JPK Instruments, Berlin, 
Germany) in AC mode using ultrasharp SiN gold-coated cantilevers (NT-MDT). Line 
Profiles were drawn across the capsules where the surface morphology indicated 
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collapse of the capsule walls on top of each other and the obtained thickness was divided 
by 2.  
 
3.2.10 Infrared Spectroscopy  
IR spectra of EPL (free base), PGA (free acid) and EPL/PGA complex were prepared 
from polymer solutions of 1 mg mL-1 in absolute ethanol. IR spectra of EPL-HCl, PGA-
Na and EPL-HCl/PGA-Na complex were prepared from polymer solutions of 1 mg mL-
1 in water. EPL/PGA complex, EPL-HCl/PGA-Na complex, PGA and EPL-HCl were 
further acidified with 5 mM HCl. The polymer solutions were dried in an oven overnight. 
The dried materials were ground in a mortar and mixed with KBr at an approximate 
mass concentration of 2% w/w. Spectra were recorded by the KBr cake method under a 
nitrogen atmosphere. All samples were analyzed with a FTIR spectroscope (Bio-Rad 
FTS-3500ARX, Bio-Rad Laboratories, US). 
The degree of ionization was calculated from peak areas at 3254 cm-1 (N-H+ stretching 
vibrations) and 1405 cm-1 (-CO2
- symmetric stretching vibrations) for –NH3+ and –CO2- 
respectively. The peak areas were determined from baselines drawn between spectra 
points 3150 cm-1 and 3325 cm-1 for -NH3
+ and between spectra points 1375 cm-1 and 
1450 cm-1 for –CO2-. EPL-HCl (apparent pKa = 9) and PGA-Na (apparent pKa = 5) 
prepared in ~pH 2 and ~pH 7 aqueous solutions respectively were referenced as 
completely dissociated compounds. Referencing EPL-HCl and PGA-Na as 100% 
ionization, the degrees of ionization for EPL/PGA and EPL-HCl/PGA-Na were 
calculated.  
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3.3 Results and Discussion 
3.3.1 Characterization of EPL/PGA Polyelectrolyte Multilayers 
For characterization, silica or polystyrene particles were used as templates for PEM 
assembly. Fluorescence intensity, zeta-potential and atomic force microscopy (AFM) 
measurements were used to confirm multilayer buildup (Figure 3.1). Fluorescence 
intensity increased with each deposition of TRITC-conjugated EPL (odd layers) and 
decreased for non-fluorescent PGA (even layers) (Figure 3.1A). Similarly, the general 
trend of zeta-potentials displayed an alternating increase and decrease in value every 
deposition cycle. These results proved the assembly of EPL and PGA for each 
deposition. AFM measurements of EPL/PGA film on planar silicon substrates also 
indicated an increase in film thickness and surface roughness (root mean square, RMS) 
with each coating (Figure 3.1B). 
 
Figure 3.1 RP-LbL assembly of polyelectrolytes as monitored by (A) fluorescence 
intensity and zeta-potential measurements of coated particles, and (B) AFM 
measurements of LbL film thickness and surface roughness on planar substrates. 
 
PLL/PGA polyelectrolyte multilayers assembled from aqueous LbL under acidic 
conditions were reported to exhibit exponential film growth even at lower layer 
A) B) 
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numbers.[77-78] This phenomenon was attributed to freely diffusing polyelectrolytes 
within the film that were able to form complexes at the interface every assembly cycle. 
In contrast to these reports, AFM measurements of EPL/PGA film assembled in ethanol 
by RP-LbL followed a linear growth profile of about 2nm per layer (Figure 3.1B). 
Furthermore, film surface roughness was more than ten-fold lower than exponential 
growth systems.[79] This was attributed to the lack of “free” ionic PGA chains required 
for exponential growth. The high acidity significantly suppressed the deprotonation of 
PGA and the partial solubility of PGA in ethanol further reduced the pool of excess ionic 
PGA chains. The low ionization of PGA on the template surface was confirmed by the 
absence of a negative charge reversal (Figure 3.1A). The suppressed auto-dissociation 
of PGA is known to enhance hydrogen bonding and hydrophobic interactions[77] during 
assembly. The resulting multilayer assembly is thus likely driven by a combination of 
electrostatic, hydrogen bonding and hydrophobic interactions. 
FTIR spectroscopic studies were carried out to further investigate the nature of 
interactions within EPL/PGA complexes assembled in ethanol. The degree of ionization 
for EPL/PGA and EPL-HCl/PGA-Na were determined by referencing EPL-HCl and 
PGA-Na as completely dissociated compounds (Table 3.1). N-H stretching vibrations 
were observed at 3332 cm-1, for pure EPL dried from ethanol, which shifted to 3254 cm-
1 for N-H+ stretching vibrations (Figure 3.2 and Table 3.2). Referencing EPL-HCl 
(apparent pKa=9) as 100% ionization at ~pH 2,[80-81] the degrees of ionization for 
EPL/PGA and EPL-HCl/PGA-Na were calculated to be 61% and 75%, respectively. 
The degree of ionization for RP-LbL complexes was only slightly lower than that for 
LbL complexes. This finding partially supported assumptions that electrostatic 
interactions were also involved in RP-LbL assembly. The peak at 1405 cm-1 was 
attributed to –CO2- symmetric stretching vibrations (Figure 3.2 and Table 3.2). Similarly, 
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PGA-Na (apparent pKa=5) was referenced as 100% ionization at ~pH 7. The degrees of 
ionization of 27% and 28% were obtained for EPL/PGA and EPL-HCl/PGA-Na, 
respectively. Despite the suppressed deprotonation of PGA in ethanol, a similar degree 
of ionization was obtained for RP-LbL and LbL complexes. This was attributed to the 
ability of EPL and PGA groups to form ionic complexes in ethanol via acid-base 
reactions. In summary, results from FTIR spectroscopy confirmed that besides 
secondary interactions, electrostatic forces also played a role in stabilizing RP-LbL 
assembled complexes. The complex combination of interactions involved in the 
assembly suggests that a significantly higher number of EPL/PGA layers could be 
assembled via RP-LbL as compared to aqueous LbL assembly. In such aqueous 
assembly systems, the interdiffusion of ionic chains leads to a diminishing zeta potential 
which limits the number of layers that can be assembled electrostatically. However, in 
our system, the presence of different interacting forces could allow for a more robust 
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Table 3.1 Degree of ionization of polyelectrolytes/complexes assembled in 
water/ethanol (estimated from IR peak area). 
Polymer 
(Dried from Solvent)a 
Solvent 
Functional Group / 





water, (~pH 2) 
NH3
+ / 3254 100% 
PGA-Na 
Neutral water,   
(~pH 7) 
CO2






+ / 3254 61% 
CO2






+ / 3254 75% 
CO2
- / 1405 28% 
a Samples were prepared in the specified solvent and dried for FTIR analysis. b Solvents 
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Figure 3.2 (A) IR spectra overlay of EPL/PGA and EPL-HCl/PGA-Na polyelectrolyte 
complexes, EPL and EPL-HCl. (B) IR spectra overlay of EPL/PGA and EPL-HCl/PGA-
Na polyelectrolyte complexes, PGA and PGA-Na. 
 
Table 3.2 Allocation of characteristic IR absorption peaks to functional groups. 
ɛ-Polylysine (EPL) 
(3450-3160) 3332: -NH2, N-H stretching vibrations.  
ɛ-Polylysine-hydrochloride (EPL-HCl) 
(3350-3100) 3254: -NH3
+, N-H+ stretching vibrations. Shifted from 3339, broad 
band of medium intensity.  
Polyglutamic acid (PGA) 
1259 and 1236: -COOH, C-O stretching vibrations. A medium to strong absorption 
band producing a doublet. 
1654: -COOH, C=O stretching vibrations. The frequency of C=O stretching 
vibrations for saturated aliphatic acids decreases in the presence of hydrogen 
bonding. (from 1740-1715 to 1680-1650). Seems to suggest presence of 
intramolecular hydrogen-bonded carboxylic acid with very strong absorption band. 
Polyglutamic acid sodium salt (PGA-Na) 
1406: -CO2
- symmetric stretching vibrations. Gives rise to broad band of medium 
intensity and generally has two or three peaks. 
 
B) 
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3.3.2 Enzymatic Degradation of EPL/PGA Microcapsules 
In order to control the enzymatic degradation of capsules, various crosslinkers were 
tested. The crosslinking efficiency of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC), transglutaminase (TG) and Genipin was compared. Genipin and TG were 
selected due to their GRAS classification[82] and wide use in the food industry as blue 
food colorant[83] (Genipin) and as "meat glue” for binding proteins[84] (TG). TG and 
EDC, through different reaction mechanisms, achieve crosslinking by forming covalent 
bonds between amine and acyl groups, and carboxyl and amine groups respectively. In 
contrast, Genipin forms crosslinks only between amine groups.[85] 
Bilayer-coated silica particles were crosslinked with an excess of TG, Genipin or EDC 
at 37 °C for 1.5 h at pH 7.4. Non-crosslinked particles were used as negative control. 
The coated particles were then treated with NH4F to dissolve the silica core, followed 
by a 2 h incubation with proteinase K at 37 °C. EDC-crosslinked capsules exhibited the 
best colloidal stability after capsule formation and also the strongest resistance to 
proteolytic degradation. Weaker crosslinking was observed for Genipin-crosslinked and 
TG-crosslinked capsules (Figure 3.3A). Fluorescence imaging of capsules revealed that 
non-crosslinked capsules became severely aggregated after enzymatic degradation of 
the polypeptide chains by proteinase K (Figure 3.3C). This was attributed to the 
formation of defects in the PEM membrane, leading to the blending of polymers 
between capsules. A similar phenomenon was reported for salt-induced defects in PEM 
capsules.[86] After crosslinking, capsules remained intact and improved in colloidal 
stability, accompanied by a decrease in diameter from about 5 to 3 µm (Figure 3.3D).  
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Figure 3.3 (A) Percentage of capsules remaining after NH4F treatment, followed by 
proteinase K degradation for EPL/PGA microcapsules crosslinked with different 
crosslinkers. Fluorescent images of EPL-TRITC/PGA capsules (B) before and (C and 
D) after NH4F and proteinase K treatment for (C) non-crosslinked and (D) EDC-
crosslinked capsules. All scale bars represent 25 µm. 
 
Next, the survival rate of crosslinked capsules were tested for higher number of 
EPL/PGA depositions. For EDC and TG-crosslinked capsules, a general increase in 
mechanical stability was observed (Figure 3.4A and C) due to the increase in 
crosslinking density as layer number increases. However, for genipin-crosslinked 
capsules, the layer number did not appear to have any significant effect on the 
mechanical stability of the capsules. This is possibly because of the difference in 
reaction mechanism for genipin as compared to EDC and TG. Genipin forms crosslinks 
between amine groups, whereas TG and EDC forms covalent bonds between amine and 
acyl groups, and carboxyl and amine groups respectively. The crosslinks formed 
between amine groups could occur either within the same EPL layer or across different 
A) B) 
C) D) 
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EPL layers. Crosslinks formed within the same EPL layer would not significantly 
enhance the mechanical stability of capsules even with additional EPL layers.  
In summary, the use of different crosslinkers and number of depositions presents a facile 
strategy for tailoring the enzymatic degradation of capsules to achieve selective release 
of encapsulated cargo. 
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Figure 3.4 Concentration of capsules after NH4F treatment for (A) TG-crosslinked (B) 
Genipin-crosslinked and (C) EDC-crosslinked microcapsules as a function of layer 
number. The results indicated a general increase in survival rate of capsules as more 
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3.3.3 Formation of Hollow Microcapsules from Sacrificial Glucose Templates  
The formation of hollow microcapsules from edible templates was also demonstrated. 
Maltotriose (3-glucose units, 504 Da) was mixed with 1 wt% dextran-TRITC (155 kDa), 
freeze-dried and used as template material. The maltotriose-dextran particles were 
coated with 8 layers of EPL/PGA via RP-LbL and crosslinked with EDC or Genipin. 
Next, water was gradually added to dissolve the sugar template to form hollow 
microcapsules. For both Genipin-crosslinked (Figure 3.5) and EDC-crosslinked 
(Figure 3.6) capsules, a fraction of the encapsulated dextran rapidly leeched out together 
with the maltotriose template. The hollow capsules appeared fluorescent due to 
adsorption of dextran-TRITC onto the remaining capsule material (Figure 3.5F and 
3.6F). However, a fraction of capsules was observed to have remained intact even after 
addition of water and the dextran-TRITC remained encapsulated within the lumen of 
the capsules (Figure 3.5E and 3.6E).  
The size of the capsules depends directly on the size of the templates onto which the 
polymers were assembled. In these experiments, the template cores were prepared by 
grinding of dried sugar-cargo mixtures into fine powder. Due to the crude nature of the 
template preparation process, capsule size distribution was quite broad. For our 
anticipated applications, we plan to make the capsules smaller and more monodisperse 
by utilizing spray-drying techniques commonly used in the food industry to prepare 
sugar or polysaccharide particles. 
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Figure 3.5 Sequential fluorescent images of EPL/PGA-coated sugar particles 
(maltotriose) crosslinked with (A – D) Genipin on gradual addition of water. Dextran-
TRITC (155 kDa) was encapsulated within the sugar matrix. Fluorescent images of (E) 
hollow capsule with encapsulated dextran and (F) hollow capsule with leeched out 
dextran that has adsorbed onto capsule material.  
 
 
Figure 3.6 Sequential fluorescent images of EPL/PGA-coated sugar particles 
(maltotriose) crosslinked with (A – D) EDC on gradual addition of water. Dextran-
TRITC (155 kDa) was encapsulated within the sugar matrix. Fluorescent images of (E) 
hollow capsule with encapsulated dextran and (F) hollow capsule with leeched out 
dextran that has adsorbed onto capsule material. 
 
A) B) C) D) 
E) F) 
A) B) C) D) 
E) F) 
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To conclude, in this chapter we demonstrated that PEM capsules can be assembled 
entirely or partially from GRAS-approved materials using RP-LbL. A combination of 
electrostatic, hydrogen bonding and hydrophobic interactions was found to stabilize the 
assembly of EPL/PGA in acidified ethanol. Two separate studies were performed. The 
first study demonstrated the use of different crosslinkers and layer number to tailor 
capsule degradation by proteinase K. Silica particles were used as templates and the % 
of remaining capsules was used as indicator of rate of degradation. The second study 
demonstrated the use of sugar templates to form hollow capsules with different 
crosslinkers and TRITC-conjugated dextrans were used as model during this study.  
Due to limitations in our methods of fabrication, shape and size of capsules produced in 
these studies were highly irregular. Future work will involve the integration of spray-
drying techniques to prepare monodisperse and spherical sugar particles in order to 
perform more elaborate studies on hollow capsules formed from sugar templates. We 
anticipate that this work on GRAS-microcapsules will open up new avenues for the use 
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CHAPTER 4 - MULTI-DENSITY SHELL 
COMPARTMENTS FOR RETENTION AND 
SEPARATION OF BIOMACROMOLECULES 
 
4.1 Introduction 
Microcompartments with complex three-dimensional structures are attractive as 
materials in chemical sensors,[87-88] drug delivery[89-90] and tissue engineering.[91-92] 
Polymeric hydrogel particles, in particular, are ideal for the creation of sophisticated 
microcompartments due to their facile tunability, good biocompatibility and highly 
aqueous three-dimensional network.[36, 93-94] Furthermore, the porosity of hydrogels 
allows for efficient mass transport and free diffusion of sensitive molecules.     
There has been numerous reports on multicompartment and multishell assemblies. In 
recent years, utilizing CaCO3 particles as templates, four different 
multicompartmentalization strategies were developed: concentric, pericentric, 
innercentric and anisotropic.[95-97] In particular, enzyme-catalyzed reactions were 
demonstrated using multicompartmentalized, porous CaCO3 particles carrying substrate 
and enzyme in separate subcompartments.[98-99] With agarose or alginate hydrogel as 
templates, the unique organic-phase phenomenon, inwards buildup of concentric 
polymeric layers was demonstrated to produce discrete multishells within a 
compartment.[100] Despite the array of multicompartment assemblies available, a method 
capable of producing well-defined, multi-porous shells within a single compartment is 
still lacking. This will allow us to separate biomolecules based on molecular weight on 
the single-particle level and greatly complement current compartmentalization 
strategies.  




In Chapter 4, we report on the unique inwards interweaving morphology of polyamines 
and polyacids within agarose hydrogels to produce spherical multi-shells with discrete 
porosity differences. This is achieved by the alternating deposition of poly(allylamine) 
(PA) and poly(styrenesulfonic acid) (PSSA) in 1-butanol, at equal mass ratios (Scheme 
4.1). This creates a multi-density polymeric shell, each comprising of different number 
of interweaving layers. Parameters that affect the properties of the polymeric layer/shell 
include polymer concentration, layer number and incubation time. For the studies 
performed in this chapter, we focused only on the use of different polymer 
concentrations and layer number to vary polymeric shell thickness, density and elastic 
modulus. For higher polymer concentrations, increasing the incubation time also 
increases the shell/layer thickness. A more elaborate study concerning incubation time 
was performed in another paper.[21] Lastly, we also demonstrate the feasibility of 
utilizing this morphology for the assembly of a multi-shell porous structure by the 
entrapment of different molecular weight dextrans within different tiers of porosity.  
 
Scheme 4.1 Schematic illustrating the fabrication of agarose-(PA/PSSA) or agarose-
(PA/PSSA)2 core-shell particles by inwards interweaving of PA and PSSA. The polymer 
assembly process was performed in anhydrous 1-butanol. Polymeric shell thickness (X) 
was tuned by varying either PA concentration (C) or incubation time (t). All graphics 
represent cross-sections of agarose particles. 
 
 




4.2 Materials and Methods 
4.2.1 Materials  
Dextran-FITC (Mw 3 000-5 000 g mol
-1 and 2 000 000 g mol-1), Dextran-TRITC (Mw 
65 000-85 000 g mol-1), fluorescein isothiocyanate (FITC), tetramethylrhodamine 
isothiocyanate (TRITC), 1-butanol anhydrous 99.8%, low gelling point agarose and 
mineral oil were purchased from Sigma. Span 80 was purchased from Fluka. 
Poly(allylamine) 20% solution in water (Mw 65 000 g mol
-1) and ADOGEN 464 were 
purchased from Aldrich. Poly(styrenesulfonic acid) 30% solution in water (Mw 70 000 
g mol-1) was purchased from Polysciences.  Absolute ethanol was purchased from Fisher 
Scientific. PBS buffer was purchased from 1st BASE.  
 
4.2.3 Preparation of Agarose Microparticles by Mechanical Stirring 
A 2% w/v low-melting agarose was prepared with deionized H2O and kept molten at a 
temperature of 50 °C. All other reagents and equipment used were pre-warmed and kept 
at a temperature of 50 °C. 200 μL of molten agarose was added to 4800 μL of mineral 
oil containing 0.1% Span 80 and stirred vigorously for 10 min to form agarose-in-oil 
emulsion droplets. The droplets were then cooled in an ice water bath under stirring for 
another 10 min to allow solidification of the molten agarose droplets into agarose 
microparticles. The solidified agarose microparticles were further stabilized by placing 
at 4 °C for 10 min.  
 
 




4.2.4 Preparation of Poly(allylamine) and Poly(styrenesulfonic acid) in 1-Butanol 
Poly(allylamine) (PA) in 1-butanol was prepared by completely drying the purchased 
aqueous PA solution at 55 °C, followed by fully saturating 1-butanol with the dried PA. 
1 mL of the saturated 1-butanol was dried and weighed to determine the actual PA 
concentration. The solution was then diluted with 1-butanol to prepare a 1 mg mL-1 PA 
solution. This was used as stock solution. Fluorescent-tagged PA was prepared by 
dissolving and reacting FITC or TRITC with PA in 1-butanol at a molar ratio of 1:100 
(fluorophore:PA monomer). Poly(styrenesulfonic acid) (PSSA) in 1-butanol was 
prepared by completely drying the PSSA solution at 55 °C and re-dissolving in 1-
butanol to produce a concentration of 1 mg mL-1. This was used as the stock solution. 
 
4.2.5 Fabrication of Agarose-(PA/PSSA) Core-Shell Particles via Inwards 
Interweaving Self-Assembly 
To transfer the agarose particles from oil to 1-butanol, the agarose-in-oil suspension was 
first mixed with an equal volume of ethanol containing 0.5% ADOGEN 464. The 
mixture was then centrifuged and the mineral oil and ethanol supernatant were discarded. 
The pellet containing the agarose particles was washed twice with 1-butanol containing 
0.5% ADOGEN 464. ADOGEN 464 was added to prevent dehydration and aggregation 
of agarose particles in the organic phase. 200 µL of agarose microparticles suspended 
in organic phase were incubated with 1 mL of the desired concentration of PA in 1-
butanol containing 0.5% ADOGEN 464 for 30 min under gentle vortexing, followed by 
removal of excess polymer by two centrifugation and re-dispersion cycles. Agarose-PA 
core-shell particles were then produced. The particles were incubated with an excess of 
PSSA in 1-butanol containing 0.5% ADOGEN 464 for 30 min under gentle vortexing, 




followed by removal of excess polymer by two centrifugation and re-dispersion cycles. 
Agarose-(PA/PSSA) core-shell particles were then produced. Additional deposition of 
PA and PSSA, at the same polymer concentration and incubation time, was performed 
to produce agarose-(PA/PSSA)2 core-shell particles. The particles were transferred from 
1-butanol to PBS by washing them twice with ethanol and then with PBS/ethanol 
solutions of increasing PBS content (0.01x; 10%, 50% and 90%) before re-suspension 
in pure 0.01x PBS. 
 
4.2.6 Polymeric Shell Thickness and Density Studies 
Confocal laser scanning microscopy images of hydrogel core-shell particles prepared 
from fluorescent-tagged PA were taken. The hydrogel particles studied in the 
experiments ranged from 30 to 60 μm in diameter and were either dispersed in 
anhydrous 1-butanol or 0.01x PBS. The polymeric shell thickness was measured from 
the confocal images using ImageJ software (Scion Corp., USA) and the mean 
fluorescence intensity was obtained concurrently from line measurements of the shell 
thickness. The mean fluorescence intensity corresponds to the density of the polymeric 
shell. For each quantitative study, confocal images of approximately 20 to 30 particles 
taken under the same fluorescence settings were measured and compared. 
 
4.2.7 Force Spectroscopy with Atomic Force Microscope (AFM) 
All force spectroscopy measurements were carried out with an AFM (MFP 3D, Asylum 
Research, USA), combined with a CLSM (LSM710, Zeiss, Germany) which is equipped 
with a 20x and a 63x oil immersion objective. All measurements were performed at 




room temperature. Prior to force spectroscopy measurements, the spring constant of 
tipless silicon cantilevers (CSC12 and NSC12, noAl, MikroMasch, Estonia) was 
determined by employing the thermal noise method.[101] Cantilevers with spring 
constants 0.93 and 0.26 N m-1 were used for measurement. The free-standing end of the 
cantilevers were then glued with an epoxy resin (UHU Endfest 300, UHU GmbH & Co. 
KG, Bühl, Germany) and attached with silica particles in the size range of 30 to 50 μm 
(Polysciences Europe GmbH, Eppelheim, Germany) using a micromanipulator (MP-
285, Sutter Instrument, USA).  
Force spectroscopy measurements were performed on hydrogel particles suspended in 
0.01x PBS solution inside a liquid cell. The liquid cell was pre-cleaned with ethanol and 
water. An inverted optical microscope (Axio Observer Z1, Zeiss, Germany) was used 
to align the cantilever probe with the center of the hydrogel particle. The size of the 
particles and the thickness of their polymeric shells were also determined from the 
optical images using ImageJ software (Scion Corp., USA). Approach-retract force 
cycles were then initiated to generate force-deformation (F-D) curves. The approach and 
retract velocity of the cantilever was 2 µm s−1 for all measurements. Reference curves 
on hard glass substrates were obtained before and after each particle deformation to 
determine the inverse optical lever sensitivity (InvOLS). F-D curves were fitted with the 
Hertz model to generate values for the effective elastic modulus of the particle. All data 
were averaged values of 5 to 10 measurements carried out on a single hydrogel particle. 
For each quantitative study, approximately 20 to 30 particles were measured. Only 
elastic and uniform F-D curves were considered and evaluated using IGOR Pro software 
(WaveMetrics, USA). 
 




4.2.8 Mechanics of Particle Deformation 
In order to investigate the mechanical properties of these particles, elastic modulus was 
determined in the small deformation regime by applying the Hertz model. Hertz theory 
describes the elastic compression of two isotropic spherical bodies in axisymmetric 


























  (3) 
where υ is the Poisson ratio. The Poisson ratio was assumed to be 0.5 for incompressible 
isotropic elastic materials. Here, E and R are the relative elastic modulus and sphere 
radius, respectively, given in eqs (2) and (3). The indices refer to the two objects in 
contact, the colloidal probe and the soft hydrogel particle. In this study a silica particle 
was used as probe and considered to be non-deformable, thus its contribution to the 
combined elastic modulus was negligible.   
 
4.2.9 Finite Element Analysis 
COMSOL Multiphysics (COMSOL, USA) software was used to carry out the finite 
element simulation. The finite element model comprises of a rigid sphere in contact with 
a deformable sphere with a layered structure, simulating the elastic deformation of a 
hydrogel core-shell particle by a silica colloidal probe (Figure 4.11G). Both materials 




were assumed to be elastic, homogeneous, isotropic and contact was assumed to be 
frictionless. Material properties for the model are: Elastic modulus E probe = 68 GPa, E 
gel shell = 50, 100 or 200 kPa and E gel core = 5 kPa, Poisson’s ratio v probe = 0.19 and v gel = 
0.5, sphere radius R probe = 25 µm and R gel = 25 µm. Four different models were studied: 
A full particle and core-shell particles with core-to-shell ratios of 1:2 (16.67 µm : 8.33 
µm), 2:1 (8.33 µm : 16.67 µm) and 5:1 (20.83 µm : 4.17 µm). The deformable sphere 
was meshed finer at the area of contact to improve the accuracy of the solution. 
Deformations were imposed by applying a prescribed displacement on the rigid sphere 
for values between 30 to 1250 nm. Reaction forces were determined as an output 
parameter of the finite element simulation and F-D curves were generated. The finite 
element solution was then compared with the Hertz analytical solution. F-D curves 
computed from finite element analysis were fitted with the Hertz model to generate 
values for the effective elastic modulus of the particle. 
 
4.2.10 Separation of Different Molecular Weight Dextrans in Multi-Density 
Compartments 
Agarose microparticles were coated with four layers of polymer (PA/PSSA)2  via the 
inwards interweaving self-assembly technique. A fixed polymer concentration of 0.5 
mg mL-1 and incubation time of 30 min was used. The particles were then transferred 
from 1-butanol to PBS buffer by first washing twice with ethanol containing 0.5% 
ADOGEN 464 and then with PBS/ethanol solutions of increasing PBS content (0.01x; 
10%, 50% and 90%) before transferring to pure 0.01x PBS. Microparticles separately 
encapsulating 1 mg mL-1 of different molecular weight Dextrans (Mw 3 000-5 000, 65 




000-85 000 and 2 000 000 g mol-1) were transferred into 0.01x PBS buffer and incubated 
for 24 h. The agarose microparticles were then observed under a confocal microscope.  
 
4.2.10 Fluorescence Recovery after Photobleaching (FRAP) Studies 
The FRAP experiment was carried out using a confocal laser scanning microscope, 
Leica TCS SP8 (Leica Microsystems, Germany). The laser beam was focused onto the 
slide using a 63x oil immersion objective. The typical laser power (%) used for imaging 
was 3 to 5% using a 488 nm laser, whereas the photobleaching laser power (%) used 
was 40 to 50% using 458, 476, 488, 496 and 514 nm lasers. Leica confocal time-course 
software was used to select the area to be photobleached, and fluorescence recovery 
from selected areas were monitored. Circular areas of 6.25π µm2 for inner and outer 
layers, and 25π µm2 for agarose core were chosen. The acquired images were then 
analyzed using ImageJ software (Scion Corp., USA). For each analysis, three regions 
were chosen within each shell compartment and agarose core, then averaged to estimate 
the behavior within the bleached region. Data were corrected for background intensity 
and for the overall loss in total intensity as a result of the bleach pulse and the imaging 
scans. The fluorescence recovery curves were quantified by fitting normalized 
fluorescence intensities of bleached areas to an equation derived by Soumpasis[103] for 
diffusion-dominated fluorescence recovery:  
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where f(t) is the normalized fluorescence, τD is the characteristic timescale for diffusion 
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For a bleached spot of radius R, the diffusion coefficient D was determined by using eq 
(5) and mobile fraction was derived from the constant B in eq (4). The fit was performed 
with IGOR Pro software (WaveMetrics, USA). The FRAP study was performed for 10 
to 20 particles.  
 
4.2.11 Optical and Fluorescence Microscopy 
Phase contrast and fluorescence microscopy images were recorded using a CCD color 
digital camera, Retiga 4000R (QImaging, Canada) connected to a system microscope 
(Olympus BX41) with a mercury arc (Olympus HBO103W/2) excitation source. Images 
were captured with QCapture Pro software (QImaging, Canada). Confocal laser 
scanning microscopy (CLSM) and corresponding bright field images were captured 
using a confocal laser scanning microscope, Leica TCS SP8 (Leica Microsystems, 
Germany).  
 
4.3 Results and Discussion 
4.3.1 Comparison between Inwards Buildup Self-Assembly and the Inwards 
Interweaving Self-Assembly 
The agarose particles used in the following studies were prepared via water-in-oil 
mechanical stirring emulsion and transferred into organic solvent. The subsequent 
polymer assembly steps were then performed entirely in organic solvent.  The agarose 
particles fabricated using this technique had a relatively broad size range from 20 to 180 
µm (Figure 4.1C). The particles were not sorted and used as they were in the 
experiments. However, for the purpose of quantitative comparison, only particles that 




fell in the size range of 30 to 60 µm were measured, unless otherwise stated. This was 
because the majority of synthesized particles (> 70%) fell in this particular size range 
and we were more interested in establishing a broad correlation between different 
experimental parameters. 
 
Figure 4.1 (A) Confocal fluorescence and corresponding (B) differential interference 
contrast microscopy images of polymer-coated agarose microparticles. (C) Size 
distribution of agarose particles synthesized via mechanical stirring emulsion. All 
particles were dispersed in 1-butanol. 
 
The inwards interweaving of polymeric layers is a unique interaction that occurs only 
in an organic phase, between polyamines (PA) and polyacids (PSSA) within a porous 
hydrogel (agarose) matrix. In order to elucidate the driving force behind this polymer 
A) B) 
C) 




interaction, the previously reported inwards buildup self-assembly process was first 
examined.[21]  
For inwards buildup, successive polymeric layers were always formed after diffusing 
through earlier formed layers, assembling discrete layers in an inward fashion (Figure 
4.2D – F). This inwards diffusing behaviour of polymer was observed only in organic-
based processes. For aqueous-based methods, such as the conventional layer-by-layer 
(LbL) polyelectrolyte self-assembly, polyelectrolytes are highly ionic and strong 
electrostatic intra- and interchain repulsions exist. As a result, only partial interdiffusion 
of polymer occurs and micrometer-thick layers cannot be formed from single polymer 
incubations.[104-105] In contrast, polymer molecules that are completely dissolved in 
alcohol (1-butanol) are only very weakly ionic, due to auto-dissociation, and ionic 
repulsions are significantly reduced.[71] By applying this organic-phase polymer 
assembly process to the macroporous agarose gel network,[106] a complete inwards 
diffusion of polymer can be achieved. Therefore, the inwards buildup self-assembly 
process is not self-limited and micrometer-thick layers can be formed. 
 
A) B) C) 
D) E) F) 




Figure 4.2 Confocal fluorescence microscopy images demonstrating the different 
morphology of striated shells obtained by (A – C) the inwards interweaving mechanism 
in comparison to the previously reported (D – F) inwards buildup mechanism. Agarose 
hydrogel microparticles are coated with different number and type of polymer layers in 
the organic phase: (A, D) one layer PA-TRITC, (B) two layers (PA-TRITC/PSSA-
FITC), (C) three layers (PA-TRITC/PSSA-FITC/PA-TRITC), (E) two layers (PA-
TRITC/PA-FITC), (F) three layers (PA-TRITC/PA-FITC/PA-TRITC). All particles 
were dispersed in 1-butanol. A polymer concentration of 0.1 mg mL-1 and incubation 
time of 30 min is used for all experiments. 
 
There are two possible interactions that could be responsible for the PA-agarose linkage. 
One of them could be the electrostatic interaction between poly(allylamine) and charged 
moieties within agarose to produce an ionic bond.[107] Sulfate is the main ionic group in 
agarose [108-109] and is present in minute quantities (< 0.3%) in the agarose used in the 
following experiments. Alternatively, inwards buildup could also be driven by hydrogen 
bonding. We hypothesize that the groups responsible for such a PA-agarose linkage are 
the outward-pointing O atoms and –OH groups of agarose which are free to engage in 
hydrogen bonding with PA molecules.[106] The amine functional groups of PA could 
serve as both hydrogen bond donors and acceptors because of the electronegative N 
atom and electropositive H atoms. 
The same inwards buildup phenomenon was also observed for alginate gels.[21] Even for 
an ionic polysaccharide like alginate, hydrogen bonds were reported to have an 
important role in stabilizing gel formation.[110] Alginate gels also have a highly porous 
structure.[53] Therefore, we believe that the above-mentioned chemical and physical 
properties are crucial towards establishing an inwards buildup mechanism. 
Interestingly, the alternating deposition of PA and PSSA, instead of a single PA 
deposition, was sufficient to yield a drastically different phenomenon. Instead of 
growing inwards, successive PSSA or PA polymeric layers were observed to be 




interweaving within the peripheral matrices of the macroporous hydrogel (Figure 4.2A 
– C). In Figure 4.2B, a yellow concentric outer ring was observed due to the overlapping 
of PA-TRITC and PSSA-FITC layers. Similarly, an orange concentric outer ring was 
observed on Figure 4.2C because of the overlapping of PA-TRITC, PSSA-FITC and the 
second PA-TRITC layer. Furthermore, the thickness of successive polymeric layers 
decreased with each deposition of PA or PSSA (Figure 4.3). The concentration of 
polymer, agarose microparticles and incubation time were kept constant for each 
deposition.  
 
Figure 4.3 Layer thickness of concentric layers as a function of layer number for agarose 
microparticles coated with the layers PA-TRITC/PSSA-FITC/PA-TRITC. A polymer 
concentration of 0.1 mg mL-1 and incubation time of 30 min is used for all experiments. 
Measurements were made on particles dispersed in 1-butanol. Inset: definition of layer 
number. 
 
The interweaving of polymers is in direct contrast to that observed by Zhang et al. in the 
fusion of polyelectrolyte microcapsules.[86] In their work, polyelectrolytes molecules 
entangled due to the loss of charges and hydrophobic interactions and hence did not mix 
with polyelectrolytes from a separate capsule. This observation provided some 




indication that the predominant interaction driving the interweaving of PSSA and PA is 
non-hydrophobic. We proposed that an ionic PA-PSSA linkage was formed during the 
interweaving process. Upon incubation with PSSA, protonation of the amine groups on 
PA by the sulfonic acid groups on PSSA induced a positive charge. The negatively 
(autoprotolysis) charged PSSA then interacted electrostatically with PA, forming 
numerous stable ionic bonds. A similar mechanism was described by Beyer et al. for the 
interaction of polymers in an organic phase.[20, 71] This led to the arrest of inwards 
buildup and gave rise to an inwards interweaving of polymeric layers within a hydrogel 
matrix. 
Despite a fixed incubation time and initial mass concentration of polymer, a decrease in 
thickness of successive layers was observed as layer number increased. This can be 
explained by the decrease in porosity of the agarose gel. As the number of polymer 
deposition increased, polymer molecules clogged up the pores of the agarose gel due to 
the increase in density of interweaving polymers. This reduced the porosity of the 
hydrogel structure and decreased the diffusion rate of polymers. Eventually, this led to 
a decrease in thickness of successive layers for the same incubation time and polymer 
mass concentration. For inwards buildup, it was reported that less polymer entered the 
hydrogel matrix as more polymers were deposited. This is likely due to the same 
decrease in porosity.  
For the inwards interweaving self-assembly, polymeric layers were interweaved within 
the porous agarose matrix. This is in direct contrast with the diffusion of polymers 
through previously formed layers for the inwards buildup mechanism. As a result, no 
increase in polymer wall thickness was observed. Instead, the density of the outermost 
polymer layer increased with each deposition. 




4.3.2 Tuning of Thickness of Interweaving Layers  
We studied the change in thickness of the PSSA layer for agarose microparticles 
deposited with different mass ratios of PA: PSSA-FITC. This was carried out by using 
an increasing concentration of PSSA-FITC while maintaining a constant PA 
concentration of 0.1 mg mL-1. As expected, the thickness of the fluorescent layer 
increased only initially, and remained constant for all higher mass ratios (Figure 4.4A). 
Additionally, the maximum thickness of the fluorescent layer, about 8 µm, was similar 
to that of the first PA layer deposited, 8.0 µm ± 0.8 µm (Figure 4.3). This could also be 
observed from confocal fluorescence microscopy images (Figure 4.5). In Figure 4.4B, 
the average fluorescence intensity of the fluorescent layer was much higher (more than 
three times) than that of the agarose interior. This corresponded to a much higher PSSA 
polymer density in the fluorescent layer than in the agarose interior. 
 
Figure 4.4 Graphs of (A) thickness of fluorescent layer vs. mass ratio of PA:PSSA-
FITC and (B) average fluorescence intensity of fluorescent layer and agarose interior vs. 
mass ratio of PA:PSSA-FITC. Agarose microparticles were coated with two layers 
(PA/PSSA-FITC). Only the concentration of PSSA-FITC was varied. A fixed PA 
concentration of 0.1 mg mL-1 was used. Measurements were made on particles dispersed 
in 1-butanol. Inset: definition of agarose-polymer components. 
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Figure 4.5 Confocal fluorescence microscopy images of agarose beads coated with (A) 
one layer PA-TRITC and (B) two layers (PA/PSSA-FITC). Different mass ratios of 
PA:PSSA-FITC were coated by using increasing concentrations of PSSA-FITC (0.1 to 
1 mg mL-1) for a fixed concentration of PA (0.1 mg mL-1). 
 
The results indicated that the thickness of the much denser fluorescent layer was limited 
by the thickness of the PA layer. The higher polymer density is likely due to the 
formation of ionic complexes by PSSA and PA. Once the PA layer had been completely 
complexed, further increase in mass concentration of PSSA only led to inwards buildup, 
forming PSSA-agarose complexes in the agarose interior. The lower PSSA polymer 
density in the agarose interior could be due to the repulsion experienced by negatively 
charged PSSA and agarose molecules, resulting in a much lower packing density. 
 
4.3.3 Tuning of Mechanical Properties by Varying Thickness of Polymeric Shell 
or Number of Polymer Layers  
The inwards interweaving self-assembly technique is not a self-limiting process. As a 
result, shell thickness can be easily increased by increasing the concentration or 
incubation period of PA. The entire hydrogel particle can be filled if so desired. To probe 
the effectiveness of this technique in tuning mechanical properties, we studied the 
relationship between the elastic modulus of particles and the thickness of the polymeric 




shells. Elastic modulus was determined in the small deformation regime by applying the 
Hertz model.[102] More details regarding the experimental procedure are given in the 
materials and methods section. The mechanical studies were performed on particles 
transferred into an aqueous solution. 
Hydrogel core-shell particles were prepared from two different PA concentrations (0.2 
and 0.4 mg mL-1) and an excess of PSSA polymer. The PSSA polymer served as a 
stabilizing layer and interacted with PA to form water-stable complexes. By itself, PSSA 
did not form any water-stable complexes with agarose that contributed to shell formation 
and any excess PSSA was washed away in the aqueous solution. This produced hydrogel 
core-shell particles with a range of different shell thicknesses. The elastic modulus and 
mean fluorescence intensity of PA-TRITC/PSSA core-shell particles with shell 
thicknesses between 10 to 24 μm were then investigated via single-particle 
measurements using the CP-AFM technique. Results illustrated that the modulus of 
PA/PSSA particles increased from 10 to 190 kPa in a non-linear manner as polymeric 
shell thickness increased from 10 to 24 µm (Figure 4.6E). The particle modulus 
exhibited a steeper initial increase which gradually levelled off with increasing shell 
thickness. The results for mean fluorescence intensity, which corresponds to the density 
of the polymeric shell, were consistent with the non-linear increase of elastic modulus 
as shell thickness increased. Consequently, the mechanical properties of PA/PSSA core-
shell particles can be directly correlated to the density of the PA/PSSA polymeric shell. 
The initial deposition of PA polymer onto the porous agarose matrix led to both an 
increase in density and thickness of the polymeric shell (10 to 18 µm). However, as 
more PA polymer was deposited, the number of hydroxyl groups on the agarose network 
available for hydrogen bonding rapidly decreased.  As a result, the density of the 




PA/PSSA polymeric shell approaches saturation and further adsorption only led to an 
increase in polymeric shell thickness without much increment in density (> 18 µm). 
 
Figure 4.6 Confocal laser scanning microscopy and corresponding bright field images 
of PA-TRITC/PSSA core-shell particles of polymeric shell thicknesses (A, B) 15 µm 
and (C, D) 26 µm (polymer filled the entire agarose core). All scale bars represent 20 
µm. (E) Elastic modulus and mean fluorescence intensity of PA-TRITC/PSSA particles 
as a function of shell thickness. PA concentrations of (A, B) 0.2 and (C, D) 0.4 mg mL-
1 and PSSA in excess were used. All particles were dispersed in 0.01x PBS. Solid and 









Representative plots of fluorescence intensity profiles suggested a homogenous 
distribution of fluorescently-labeled PA across the thickness of the polymeric shell 
(Figure 4.7). The homogeneity of fluorescently-labeled PSSA layer was also observed 
in Figure 4.4. This was consistent with the Hertzian deformation behavior observed in 
CP-AFM measurements, indicating high homogeneity of the polymeric shell in 
PA/PSSA particles. This seems to be counter-intuitive considering that shell formation 
which proceeds in a surface-to-core direction[21] should produce an anisotropic 
polymeric shell. This could be due to the continuous rearrangement of polymers during 
the organic-phase polymer assembly process and the presence of transient interactions 
between molecules. 
 
Figure 4.7 Confocal laser scanning microscopy images and corresponding plots of 
fluorescence intensity profiles obtained at the yellow line for (A, C) PA/PSSA and (B, 
D) (PA/PSSA)2 core-shell particles dispersed in 0.01x PBS. PA concentration of 0.4 mg 









Next, the elastic modulus and polymeric shell density (mean fluorescence intensity) 
were compared for 2-layer (PA/PSSA) and 4-layer (PA/PSSA)2 core-shell particles in 
the size range of 30 to 140 μm. Empty agarose particles were used as experiment control. 
No coherent pattern can be observed between the size of particles and their elastic 
modulus or shell density. An increase in elastic modulus of about 300 to 500 kPa can be 
observed as layer number increased from 2 to 4 layers (Figure 4.8A), much greater than 
that observed for variations in shell thickness. This was consistent with the increase in 
polymeric shell density observed for 4-layer core-shell particles (Figure 4.8B). Due to 
the interweaving of different PA/PSSA bilayers, this also created a multi-density 
polymeric shell with discrete density differences (Figure 4.9). This unique morphology 
can be utilized for separation and containment of differently-sized macromolecules. As 
shown in Figure 4.6E, polymeric shell density and elastic modulus approached 
saturation after a certain increase in shell thickness. However, by assembling an 
additional layer of PA, the shell density and elastic modulus can be further increased 
without increasing overall shell thickness. This could be explained by the formation of 
new interactions between PA and PSSA, in addition to existing PA-agarose complexes. 
Moreover, this showed that the porous hydrogel matrix was not “fully-packed” and it 
was possible to further increase the polymeric shell density. 






Figure 4.8 (A) Elastic modulus and (B) mean fluorescence intensity of 2-layer (PA-
TRITC/PSSA) and 4-layer (PA-TRITC/PSSA)2 core-shell particles as a function of 
particle size. PA concentration of 0.4 mg mL-1 and PSSA in excess were used. Empty 
agarose particles were also compared for elastic modulus measurements. All particles 









Figure 4.9 Confocal laser scanning microscopy and corresponding bright field images 
of (A, B) a 2-layer (PA-TRITC/PSSA) core-shell particle and (C, D) a 4-layer (PA-
TRITC/PSSA)2 core-shell particle dispersed in 0.01x PBS. PA concentration of 0.4 mg 
mL-1 and PSSA in excess were used. All scale bars represent 50 µm. 
 
The averaged values of elastic modulus and mean fluorescence intensity of empty 
hydrogel (2% agarose) particles, PA/PSSA (0.2 and 0.4 mg mL-1) and (PA/PSSA)2 core-
shell particles are summarized in Figure 4.10. The average elastic modulus of agarose 
particles before assembly of polymeric shells was measured to be 7.3 kPa. At a PA 
concentration of 0.2 mg mL-1 and an excess of PSSA, PA/PSSA polymeric shells with 
an average thickness of 11.6 µm ± 1.3 µm were formed. An average elastic modulus of 
25 kPa was recorded for PA/PSSA core-shell particles. At a higher polymer 
concentration of 0.4 mg mL-1, average shell thickness increased to 19.9 µm ± 2.6 µm 
and the average modulus of core-shell particles further increased to 150 kPa. Increasing 
the layer number to form (PA/PSSA)2 core-shell particles, a significantly higher elastic 
modulus of 520 kPa was obtained. A positive correlation was always observed between 
the elastic modulus and polymeric shell density (mean fluorescence intensity) of 
A) B) 
C) D) 




PA/PSSA core-shell particles. Furthermore, a much higher deviation was observed for 
the elastic modulus and polymeric density of 4-layer core-shell particles due to 
additional variability from the influence of shell properties of the 1st bilayer on the shell 
formation of the 2nd bilayer. Briefly, a thicker and denser polymeric shell (1st bilayer) 
would act to slow down the diffusion of subsequent polymers and affect shell formation 
of the 2nd bilayer. PA/PSSA core-shell particles synthesized from inwards interweaving 
self-assembly (25 to 520 kPa) were 4 to 5 orders of magnitude softer than 
poly(allylamine hydrochloride)/poly(styrenesulfonate) (PAH/PSS) capsules prepared 
from conventional layer-by-layer (LbL) polyelectrolyte self-assembly (1.3 to 1.9 
GPa).[111] This huge variance in elastic modulus between similar materials could be 
explained by fundamental differences in the shell assembly process. For PAH/PSS 
capsules, the polymeric shell is formed from the adsorption of oppositely charged 
polyelectrolytes onto the surface of a sacrificial core. In contrast, for PA/PSSA core-
shell particles, the polymeric shell is assembled within the porous agarose core mainly 
from interactions between non-charged PA and agarose. As a result, the mechanical 
properties of PA/PSSA core-shell particles are highly dependent on the properties of the 
agarose core. This was supported by previous studies showing that shell density is 
positively correlated to the concentration of agarose.[107] 





Figure 4.10 Averaged values for elastic modulus and mean fluorescence intensity of 
empty agarose particles, PA-TRITC/PSSA and (PA-TRITC/PSSA)2 core-shell particles. 
0.2 and 0.4 mg mL-1 refer to concentrations of PA-TRITC used in preparing the hydrogel 
core-shell particles. Numerical values in bracket refer to thickness of polymeric shells. 
 
4.3.4 Finite Element Analysis of Deformation of Core-Shell Particles 
The Hertz model was derived from the F-D behavior of full and homogenous spherical 
particles. Despite that, the Hertz model is frequently applied on objects with irregular 
geometries and in our case, core-shell particles. Therefore, we sought to validate the 
applicability of the Hertz model via finite element modelling of core-shell particles. 
COMSOL Multi-physics Finite Element Methods (FEM) was used to model the elastic 
deformation of a full particle and core-shell particles with core-to-shell ratios of 1:2, 2:1 
and 5:1. Elastic moduli of 100 and 5 kPa were selected for the shell and core 
components, respectively. An elastic modulus of 100 kPa was used for the full particle, 
to simulate an agarose particle completely filled with PA/PSSA polymeric shell. A more 




detailed description of the FEM model parameters can be found in the materials and 
methods section.  
The solutions produced by FEM were compared to the Hertz analytical solution 
computed with the shell elastic modulus of 100 kPa. Not surprisingly, the F-D curves 
produced from FEM and the modulus derived from Hertz-fitting both indicated that the 
FEM solution approaches the Hertz analytical solution for decreasing core-to-shell 
ratios as well as decreasing deformations (Figure 4.11C and D). The FEM solution for 
a full particle and core-shell particle of ratio 1:2 provided very accurate approximations 
(> 95%) of the analytical solution for deformations up to 1250 nm, 5% of the entire 
particle radius. The FEM model for core-shell particles at a ratio of 2:1 produced 
modulus values of 65 and 84 kPa (65 to 84%) from Hertz-fitting of 1250 and 125 nm 
deformations, respectively. Core-shell particles at a ratio of 5:1 produced modulus 
values of 31 and 53 kPa (31 to 53%) from Hertz-fitting of 1250 and 125 nm 
deformations, respectively. Additionally, the same finite element analysis was 
performed with shell elastic moduli of 200 and 50 kPa (Figure 4.11A, B, E and F). 
Slightly better approximations of the analytical solution were obtained for FEM 
solutions with a smaller difference in modulus between the core and shell components. 
FEM models with a much stiffer shell component experienced a greater segregation in 
mechanical response between the core and shell as can be observed from the von Mises 
stress distribution of the two components (Figure 4.11G and H). This resulted in greater 
deviations from a homogenous model as assumed by the Hertz analytical solution. 
These are promising results considering that the experimentally relevant deformations 
for our CP-AFM studies were between 100 to 400 nm and most of the investigated 
PA/PSSA core-shell particles have a core-to-shell ratio of 2:1 or lower. To summarize, 




data from finite element analysis show that the effective particle modulus derived from 
Hertz analysis of our PA/PSSA core-shell particles is a good estimate (> 75%) of the 










Figure 4.11. (A, C, E) F-D curves produced from finite element analysis of a full particle 
and core-shell particles of different core to shell ratios (1:2, 2:1 and 5:1). Hertz analytical 
solution was included for comparison. (B, D, F) Elastic modulus derived from Hertz-
fitting of F-D curves in (A, C, E) as a function of maximum deformation used for fitting. 
In brackets are deformation values expressed as a percentage of particle radius. Red line 
represents modulus value of shell component used in simulations. Modulus values of 
(A, B) 50 kPa, (C, D) 100 kPa or (E, F) 200 kPa were used for the shell and 5 kPa for 
the core. (G, H) Finite element model simulating the elastic deformation of a soft core-
shell particle by a rigid silica probe. Finite element solution produced the von Mises 
stress distribution of the deformed core-shell particle for a (G) 3D hemisphere and a (H) 
2D cross-section. The shell and core components have elastic moduli of 200 kPa and 5 
kPa, respectively.  
 
4.3.5 Application of Multi-Density Shell Compartments: Separation of 
Biomolecules Based on Size  
The inwards interweaving of polymeric layers represents a unique morphology that 
could be applied for the assembly of striated shells with discrete porosity differences. 
Based on these results, we established that by alternating the deposition of PA and PSSA, 
at equivalent mass ratios, well-defined concentric regions of different number of 
interweaving layers can be assembled. This was demonstrated in Figure 4.9, where four 
polymeric layers (PA-TRITC/PSSA)2 were interweaved into the porous matrix of an 
agarose microparticle. Each concentric region corresponded to a distinct porosity, 
controlled by the density of the interweaving layers. By increasing the number of 
PA/PSSA depositions, we were able to generate multiple levels of porosity within a 
single hydrogel microparticle.  
In order to validate the feasibility of utilizing this unique morphology for the assembly 
of a multi-shell porous spherical scaffold, different molecular weight dextrans (Mw 3-5, 
65-85 and 2 000 kDa) were encapsulated and the microparticles transferred from 1-
butanol into an aqueous buffer. The confocal results showed that different molecular 
weight dextrans were trapped in different porosity regions within the microparticle 




(Figure 4.12B, D and F). This was caused by the out-diffusion of dextran molecules, 
driven by the concentration gradient between the particle interior and the exterior 
aqueous environment. The entrapment of dextran molecules within polyelectrolyte 
membranes was also reported by other groups.[112-113] The fluorescence intensity plot 
profiles revealed that 2 000 kDa dextran molecules were mainly trapped within the core 
of the porous agarose matrix (Figure 4.12A). 65-85 kDa dextran molecules were mainly 
trapped within the inner polymer layer, formed from two interweaved polymer layers 
(PA/PSSA) (Figure 4.12C). Lastly, 3-5 kDa dextran molecules were observed to have 
partially diffused out of the particle and the remaining molecules were spread between 
the outer (PA/PSSA)2 and inner (PA/PSSA) polymer layers (Figure 4.12E). The Stoke’s 
radius of 4, 70 and 2 000 kDa dextrans are 1.4, 5.8 and 27 nm respectively. The diffusion 
patterns of the different molecular weight dextrans indicated a clear relation between 
the porosity of the interweaving polymer layers and the size of the molecule. The larger 
the size of the molecule, the lower the porosity of the structure required to trap them. 
The data gathered from this experiment also generated more information regarding the 
pore size of the different compartments and proved the porous nature of the entire 
agarose-(PA/PSSA) assembly. This is quite crucial in the case of agarose particles since 
it is not possible to perform SEM or TEM measurements on them. These agarose 
particles contain 98% water and under the vacuum environment required for SEM, they 
quickly dehydrate and shrink to a fraction of its original size and measurements become 
highly inaccurate.  





Figure 4.12 (A, C, E) Fluorescence intensity plot profiles and (B, D, F) confocal 
fluorescence and corresponding differential interference contrast microscopy images of 
different molecular weight dextrans trapped in different porous regions within the 
agarose microparticle. Agarose particles were coated with four layers (PA/PSSA)2 and 
encapsulated (A, B) 2 000 kDa dextran, (C, D) 65-85 kDa dextran and (E, F) 3-5 kDa 
dextran. A fixed polymer concentration of 0.5 mg mL-1 was used. 
 
4.3.6 Diffusion and Adsorption in Shell Compartment 
The multi-density shell compartment formed from the interweaving of PA and PSSA 
polymers within the porous agarose matrix created an artificial environment that 
mimicks certain traits of macromolecular crowding,[114-115] a biophysical phenomenon 
that occurs in cells due to the high concentration of macromolecules. This crowding 
effect reduces the rate of diffusion-limited processes[116] (e.g. release of DNA) and 
increases the rate of transition-state-limited processes[117] (e.g. DNA transcription). In 




cells, the concentration of crowding agents is typically in the range of 200-300 mg mL-
1,[118-119] whereas the concentration of PA and PSSA polymers in the shell could be 
1000-fold higher. However, the exact volume % occupied by the polymers and 
contribution to the crowding effect is hard to ascertain due to the specific interactions 
between agarose, PA and PSSA leading to a densely packed assembly.  
To investigate the effects of crowding in the polymeric assembly, FRAP (Fluorescence 
Recovery after Photobleaching) studies were carried out to measure the translational 
diffusion coefficient of dextrans in the agarose core and shell compartment. FRAP 
results revealed that the diffusion coefficient of 4 kDa dextran was reduced by 100-fold 
(1.3 µm2 s-1) in the shell compartment and 10-fold in the agarose core (16 µm2 s-1), 
relative to their diffusion in water (135 µm2 s-1) (Figure 4.13A). In contrary, 
measurements of diffusion coefficients of macromolecules in the cytoplasm of different 
eukaryotic cells indicated that diffusion of molecules is only slowed three to four 
times.[120] This huge difference in diffusion speed could be attributed to the interference 
of specific interactions such as hydrogen bonding in the system as opposed to crowding 
in cells which is mainly a nonspecific effect originating from steric repulsion. Evidence 
for this could be seen from the mobile fractions of approximately 0.68 and 0.58 for the 
inner and outer shell compartments respectively. About 30 and 40% of dextrans were 
“immobile” or belonged to a slower diffusing species and reflected the percentage of 
molecules that remained bound to the inner and outer shells respectively. A higher % of 
bound dextrans in the outer shell also corresponded with the higher polymeric density 
of the outer shell. However, the values obtained for mobile fractions were only 
representative of the 4 kDa dextran remaining in the particles after a 1-day incubation 
period in water. Taking into account the loss of mobile dextran molecules, the fraction 
of immobile dextrans should be even lower. This meant more than 70% of 4 kDa 




dextrans were unbounded by the polymer structures and freely diffusing within the shell 
compartment at one-hundredth of their usual diffusion rate. The recovery half-times of 
4 and 20 kDa dextrans were found to be similar despite their different molecular weight 
(Figure 4.13B). In comparison, the recovery half-time of 70 kDa dextrans was observed 
to be higher by more than 100-fold. This was also observed in cells where the crowding 
effect increases sharply as the molecular weight of the macromolecule (Dextran: 70 kDa) 
approaches that of the crowding agent[121] (PA: 65 kDa, PSSA: 70 kDa). Thus, for 
smaller molecules such as 4 and 20 kDa dextrans, the reduced diffusion coefficient is 
predominantly due to the presence of specific binding interactions with the surrounding 
polymer network.  
    
Figure 4.13 (A) Diffusion coefficients and mobile fractions of 4 kDa dextrans in the 
agarose core, inner and outer shell compartment. (B) Representative FRAP curves of 4, 
20 and 70 kDa dextrans. 
 
4.4 Conclusion 
In this chapter we demonstrated that poly(allylamine) (PA) and poly(styrenesulfonic 
acid) (PSSA) interweaved in an inwards fashion within agarose hydrogels. Through 
alternating depositions of PA/PSSA bilayers at equal mass ratios, with all other 
parameters kept constant, multiple tiers of porosity can be fabricated, each comprising 
A) B) 




of different number of interweaving PA and PSSA layers. The higher the density of 
interweaving layers, the lower the porosity. We also showed that the thickness and 
number of different tiers of porosity can be easily tuned by varying the polymer 
concentration and number of PA/PSSA depositions respectively. In addition, the 
diffusion patterns of dextran of different size fractions indicated that the larger the size 
of the dextran molecule, the lower the porosity of the structure required to trap it. Lastly, 
FRAP results revealed that even the diffusion coefficient of small 4kDa dextrans was 
reduced by 100-fold in the shell compartment relative to their diffusion in water and 
about 30 to 40% of these dextrans were immobile which represented the % of molecules 
that were bound to the polymeric shells. These results are indicative of a 
multicompartmentalized spherical structure with shell compartments that exhibit similar 
traits to that of macromolecular crowding in cells.  
In summary, the interweaving of polyacids and polyamines in hydrogels represented a 
facile approach to create multi-shells with discrete porosity differences. Work is 
currently under way with different polyamine and polyacid (e.g. poly(ethyleneimine) 
and poly(acrylic acid)) alternatives to generate a wider range of scaffold porosity and 
create even more interesting geometries. Biodegradable polymers (e.g. poly(L-lysine) 
and poly(L-glutamic acid)) can also be incorporated as alternate layers to produce 
structures with free ‘inter-membrane’ spaces. With the wide range of polyamines and 
polyacids available (highly branched, biodegradable, biostable, etc.), a limitless range 
of complex geometries could potentially be created. This could complement current 
multicompartmentalization strategies and allow even greater control over the release 










 Core-Shell Particles with 
Membrane-Like Polymeric Shells 
for Selective Release of 
Biomacromolecules 
Chapter 5 – Core-Shell Particles with Membrane-Like Polymeric Shells for Selective 
Release of Biomacromolecules  
77 
 
CHAPTER 5 – CORE-SHELL PARTICLES WITH 
MEMBRANE-LIKE POLYMERIC SHELLS FOR 
SELECTIVE RELEASE OF BIOMACROMOLECULES  
 
5.1 Introduction 
LbL-assembled hydrogel capsules have been utilized in a wide array of technologies as 
drug carriers, PCR microreactors,[36] cell mimcs,[122-123] pH sensors[124] and many other 
capsule-based applications.[67, 125] Remarkably, despite its wide variety of applications 
and advantages, LbL-assembled multilayers have not exceeded its conventional role as 
a membrane or diffusion barrier in the formation of capsules or core-shell particles.  
Hydrogel core-shell particles or capsules are commonly synthesized from two separate 
and clearly differentiable components, namely the polymeric shell and core template. 
However, in this approach, due to the inwards assembly of polymeric layers, the 
“polymeric shell” comprises of the multilayer polymer components as well as the porous 
agarose (core) matrix onto which the polymers are adsorbed. This leads to the formation 
of a polymeric shell which could function either as a compartment or a thin membrane 
wall. The design and use of the polymeric shell as a compartment have been 
demonstrated and studied in Chapter 4.  
In Chapter 5, the design and application of the polymeric shell as a permselective 
membrane wall is demonstrated. By tailoring fabrication parameters, micron-sized core-
shell particles with membrane-like polymeric shells can be synthesized. The density of 
the polymeric film can then be fine-tuned by varying the layer number and the 
polyamine concentrations. Such an assembly will have interesting applications as a drug 
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or gene delivery vessel. In addition, the unique properties of this polymeric assembly 
are utilized to achieve selective release of biomolecules. 
 
5.2 Materials and Methods  
5.2.1 Materials 
Dextran-FITC (Mw 4 000, 20 000, 70 000 g mol
-1), 1-butanol anhydrous 99.8%, low 
gelling point agarose and mineral oil were purchased from Sigma. Span 80 was 
purchased from Fluka. Poly(allylamine) 20% solution in water (Mw 65 000 g mol
-1) and 
ADOGEN 464 were purchased from Aldrich. Poly(styrenesulfonic acid) 30% solution 
in water (Mw 70 000 g mol
-1) was purchased from Polysciences. Methoxy poly(ethylene 
glycol) (PEG) succinimidyl carboxymethyl ester (Mw 3 000 g mol
-1) was purchased 
from JenKem Technology USA Inc. Absolute ethanol was purchased from Fisher 
Scientific. PBS buffer was purchased from 1st BASE. 
All DNA oligodeoxynucleotides (DNA_luc_1A_1.1, DNA_luc_1A_1.2, DNA_luc_1D 
_1.1, DNA_luc_1D _1.2 and DNA_luc_1D _1.3), forward primers, reverse primers and 
stem–loop RT primers were purchased from AITbiotech. miR367, DNase I, T7, T3 and 
Sp6 RNA polymerases were purchased from Thermo Fisher Scientific. Rnaseout, 
Hoechst staining dye and CellMask™ Orange plasma membrane stain were purchased 
from Invitrogen. Dulbecco's Modified Eagle Medium was purchased from Gibco. 
SYBR® Select Master Mix for CFX, MultiScribe reverse transcriptase, TaqMan 
Universal PCR Master Mix and universal TaqMan-based probe were purchased from 
Applied Biosystems. 
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5.2.2 Preparation of Agarose Microparticles by Membrane Emulsification 
A 4% w/v low-melting agarose in deionised H2O was prepared and kept molten at a 
temperature of 50 °C. All other equipment and reagents used were pre-warmed and kept 
at a temperature of 50 °C. A coarse emulsion premix is first prepared by mixing 100 µL 
of agarose solution and 100 µL of biomolecule solution, then added to 4800 µL of oil 
phase and stirred vigorously for 10 min. The oil phase was prepared by mixing mineral 
oil and 0.5 wt% Span 80. The coarse premix was extruded 5 times through a SPG 
pumping connector using two syringes. The obtained fine emulsion droplets were then 
cooled in an ice water bath under stirring for another 10 min to solidify the molten 
agarose droplets. The solidified agarose microparticles were further stabilized by 
placing at 4 °C for 5 min. 
 
5.2.3 Preparation of PEGylated Poly(allylamine) in Ethanol 
PEGylated poly(allylamine) was prepared by reacting PA in H2O with methoxy PEG 
succinimidyl carboxymethyl ester at a molar ratio of 1:5 (PEG ester:PA monomer). 
Allow the reaction to run for 1.5 h under vortex at room temperature. Unreacted PEG 
and reaction side-products were then separated and removed using a centrifuge tube 
filter. The remaining solution was dried completely at 55 °C and re-dissolved   in ethanol 
containing 0.02% H2O to obtain the desired mass concentration of PA-g[5.0]-PEG. The 
grafting ratio, g, is defined as the total number of PA monomers divided by the number 
of PEG side chains. A coupling rate of approximately 20% was determined by 1H-NMR 
and corresponded to a grafting ratio of g = 5.0. 
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5.2.4 Fabrication of Core-Shell Particles with Membrane-Like Polymeric Shells  
200 µL of agarose microparticles suspended in organic phase were incubated with 1 mL 
of the desired concentration of PA-g[5.0]-PEG in ethanol containing 0.02% H2O for 2 
to 5 min under gentle vortexing, followed by removal of excess polymer by two 
centrifugation and redispersion cycles with absolute ethanol containing 0.5% ADOGEN 
464. The second layer was deposited by incubation with 1 mL PSSA solution in excess 
in the same organic medium. After the adsorption process, excess polymer was removed 
by two centrifugation and redispersion cycles with the organic medium. Alternating 
incubation of PA-g-PEG and PSSA onto the agarose microparticles was performed until 
the desired number of layers was achieved. 
 
5.2.5 Optical and Fluorescence Microscopy 
Phase contrast and fluorescence microscopic images were recorded using a CCD color 
digital camera, Retiga 4000R (QImaging, Canada) connected to a system microscope 
(Olympus BX41) with a mercury arc (Olympus HBO103W/2) excitation source. Images 
were captured with QCapture Pro software (Version 5.1.1.14, QImaging, Canada) and 
analyzed by ImageJ software (Scion Corp., USA). Confocal fluorescence microscopic 
images were captured using a laser scanning confocal microscope, FluoView FV300 
(Olympus Corp., Japan). 
 
5.2.6 DNA Template Hybridization 
Linear DNA template DNA_luc_1A was constructed by hybridizing two DNA 
oligodeoxynucleotides: DNA_luc_1A_1.1 (5’-
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Each hybridization was performed in 20 μL reaction volumes containing 5 μM of each 
DNA_luc_1A_1.1 and DNA_luc_1A_1.1 for DNA_luc_1A, or 5 μM of each 
DNA_luc_1D _1.1, DNA_luc_1D _1.2, and DNA_luc_1D _1.3 for DNA_luc_1D, and 
topped up with 1x hybridization buffer (100 mM NaCl, 10 mM MgCl2, 20 mM Tris HCl 
pH 7.4). The reaction was first heated to 95 °C, and then gradually cooled down to 4 °C 
at a rate of 1 °C min-1. Following hybridization, the DNA templates were purified with 
QIAquick PCR Purification Kit (Qiagen). The purified DNA templates were visualized 
on 2% agarose gel and the concentration of the purified products was determined using 
a Nanodrop 2000 spectrophotometer (Thermo Scientific). 
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5.2.7 In Vitro Transcription 
Luciferase shRNA_luc_1A was in vitro transcribed from linear DNA template, 
DNA_luc_1A, using T7 RNA polymerase; luciferase shRNA_luc_1D was in vitro 
transcribed from tripartite DNA template, DNA_luc_1D, using a mixture of equal 
amount of T7, T3 and Sp6 RNA polymerases. In vitro transcription was performed in a 
50 µL reaction volume by mixing 1 μg of template DNA, 2 mM of each NTPs, 10 µL 
of 5x transcription buffer, 50 units of Rnaseout and 30 units of RNA polymerase. The 
reaction mixture was incubated at 37 °C for 2 h. This was followed by DnaseI treatment 
by adding 5 units of DNase I and 5 µL of 25 mM MgCl2 and incubated at 37 °C for 1 h. 
The integrity of RNA was assessed on a 1% TBE agarose gel, and once the quality was 
confirmed, the DnaseI treated luciferase shRNA was purified with MicroSpin G-50 
Columns (GE Healthcare illustra). The concentration of the purified product was 
determined using a Nanodrop 2000 spectrophotometer. 
 
5.2.8 Detection of DNA and RNA 
For the detection of DNA template, a 1.5 µL aliquot was used and mixed with 10 μM 
of each forward primer (5'-TCCCTATAGTGAGTCGTATTAGCTGC-3') and reverse 
primer (5'-TGTAATCCTGAAGGGTATTCTATAGTGTCA-3') and 5µL of SYBR® 
Select Master Mix for CFX. 
For the detection of RNA, DnaseI treatment was performed in a 10 µL reaction volume 
containing 1.5 µL of sample, 0.25 units of DnaseI, 10 units of Rnaseout and 1x DnaseI 
buffer. The reaction mixture was incubated in 37 °C for 1 h and the DnaseI was then 
inactivated at 75 °C for 5 min. After DnaseI treatment, reverse transcription was 
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performed by mixing 2 µL of DnaseI treated product, 50 nM stem–loop RT primer (5'-
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTGGGA-
3'), 1x RT buffer, 0.25 mM of each dNTP, 25 units MultiScribe reverse transcriptase, 
and 3.8 units Rnaseout in a 7.5 µL reaction. The reaction mixture was incubated at 16 °C 
for 30 min, 42 °C for 30 min and 85 °C for 5 min. Then the reverse transcribed RNA 
was detected using the universal TaqMan-based RT-PCR protocol.[126] 1.5 µL of 7.5 μL 
reverse transcription reactions was used as template for the real-time PCR amplification. 
The 1.33 µL cDNA was mixed with 1x TaqMan Universal PCR Master Mix, 0.8 μM 
universal TaqMan-based probe, 1.5 μM forward primer (5’-
TTCAAGAGATCTTGTAATCCTGAAGG-3’) and 0.7 μM universal reverse primer. 
The real-time PCR was performed using the 7900HT Fast Real-Time PCR system 
(Applied Biosystems). Absolute quantification was used to determine the copy number 
of DNA and RNA. DNA_luc_1D and luciferase shRNA_luc_1D were used to construct 
the standard curves for DNA and RNA quantification.  
 
5.2.9 Cellular Uptake  
HEK293T cells, monocytes and lymphocytes were cultured in Dulbecco's Modified 
Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% 
penicillin-streptomycin solution. For fluorescence-activated cell sorting (FACS) assay, 
2.5 × 105 of the respective cells were seeded in each well of 24-well plate. 24 h later, 
FITC-labeled particles were added to the cells at indicated ratios. After 14 h incubation 
in 37 °C CO2 incubator, the cells were trypsinized, washed three times with 1x PBS and 
resuspended in 500 μL 1x PBS for FACS analysis. For PBMCs, the whole cell 
population was mixed with particles at the given ratio, and then the subsets of monocytes 
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and lymphocytes were separated by SSC-FSC in FACS. LSRFortessaTM cell analyzer 
and FACSDiva software v6.1.3 (BD Biosciences) were used for the acquisition of the 
samples. FlowJo software V7.6.1 (Tree Star) was used for data analysis. For confocal 
microscopy, 1.5 × 105 cells were seeded in each well of µ-slide 8 well chamber (Ibidi). 
24 h later, FITC-labeled particles were added to the cells at indicated ratios. After 12 h 
incubation in 37 °C CO2 incubator, the supernatant was removed and cells were gently 
rinsed with 1x PBS for three times. Cells were first stained with 5 μg mL-1 Hoechst for 
20 min at 37 °C. After removing the supernatant, the cells were exposed to 2 μg ml-1 
CellMask™ Orange plasma membrane stain for 2 min at room temperature. After 
staining, the cells were rinsed once with 1x PBS, and incubated in DMEM culture 
medium. Confocal fluorescence microscopy was performed using a FluoView™ 
FV1000 microscopy system incorporating an Olympus IX81 inverted microscope 
equipped with a 60x 1.2 Water UplanSApo objective. For Z-stack scanning, up to 40 
slices with a resolution of 0.5 μm per slice were recorded. All pictures were taken with 
the same acquisition parameters and were analyzed with FluoView Ver 3.0 (Olympus) 
and Imaris x64 Image Processing Software (Bitplane).  
 
5.3 Results and Discussion 
5.3.1 Synthesis of Core-Shell Particles with Membrane-Like Polymeric Shells for 
Biological Applications 
By tuning fabrication parameters, the shell compartment could also function as a 
polymeric film, serving as a diffusion barrier, thus creating “capsule-like” polymeric 
assemblies with structures equivalent to core-shell particles with membrane-like 
polymeric shells. An overview of the particle preparation process is shown in Scheme 
Chapter 5 – Core-Shell Particles with Membrane-Like Polymeric Shells for Selective 
Release of Biomacromolecules  
85 
 
5.1. First, micron-szed agarose particles in the size range of 3 to 5 µm were prepared via 
the membrane emulsion technique[127-128] using SPG membrane connectors. This is 
followed by assembly of the polymeric shell in an organic solvent. PA-g-PEG at a 
grafting ratio of g = 5.0 and PSSA were used as polymer pair for shell assembly. The 
PA polymers were modified with methoxy PEG molecules to confer the micron-sized 
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Scheme 5.1 Schematic illustrating the preparation of core-shell particles with 
membrane-like polymeric shells. (A) A coarse water-in-oil emulsion was sheared into 
fine emulsion droplets via repeated extrusions through a porous membrane. (B) The 
agarose template particles were deposited with multiple layers of PEG-grafted 
poly(allylamine) (PA-g-PEG) and poly(styrenesulfonic acid) (PSSA) in an organic 
solvent to form the polymeric shell. (C) Chemical structures of PSSA and PA-g-PEG. 
(D) Fluorescent image of PA-g-PEG/PSSA core-shell particles prepared via inwards 
interweaving self-assembly. (E) Size distribution of core-shell particles produced with 
different Span 80 concentrations.  
 
Quantitative fluorescence studies were performed to determine optimal fabrication 
parameters for synthesizing core-shell particles with membrane-like polymeric shells. 
PA-g-PEG mass concentrations of 0.0058, 0.058, 0.58 and 5.8 mg mL-1 were tested, 
PSSA was used in excess and ethanol was used as the medium for assembly. At mass 
concentrations above 0.058 mg mL-1, polymer began to fill up the entire hydrogel 
particle (Figure 5.1) and this is detrimental for applications in drug or gene delivery due 
to unwanted complexation with the encapsulated biomolecules. Concentrations of 0.058 
mg mL-1 or lower were used to produce “capsule-like” assemblies. This is a favourable 
morphology for the selective release and intracellular delivery of biomolecules. 
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Figure 5.1 Confocal laser scanning microscopy images of ~3 µm-sized core-shell 
particles deposited with PA-g[5.0]-PEG concentrations (A) 0.0058, (B) 0.058, (C) 0.58 
and (D) 5.8 mg mL-1. PA-g-PEG was fluorescent-tagged with FITC. (E) Layer thickness 
and mean fluorescence intensity of particles as a function of PA-g-PEG concentration. 
 
5.3.2 Cellular Internalization of Core-Shell Particles  
We proceeded to test the uptake of particles by HEK293T cells. Three different 293T 
cell to particle ratios were tested and the resulting FACS analysis revealed that as the 
cell to particle ratio increased from 1:1 to 1:10, cell viability decreased from 78.2 to 
48.8% but the % of live cells with internalized particles increased from 29.3 to 85.2% 
(Figure 5.2A). Z-stacked confocal images of cells incubated with particles at a 1:1 ratio 
were also taken. The smaller particles (< 2 µm) were readily taken up by cells (Figure 
5.2B), whereas particles in the size range of 2 to 5 µm were only taken up to some extent, 
as indicated by yellow arrows (Figure 5.2C). However, larger-sized particles (> 5 µm) 
were observed to be adhering to cells and not internalized. The decrease in cell viability 
can be mainly attributed to the sedimentation of the large-sized particles on top of cells, 
thus imparing viability. Similar reports were made by An et al.[129] and Kircher et al.[130] 
that reduction in cell viability at higher PAH/PSS capsule concentrations was linked to 
capsule size rather than material toxicity. 
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Figure 5.2 FACS analysis of (A) HEK293T cells incubated with different cell to particle 
ratios of 1:1, 1:3 and 1: 10 after a fixed 14 h incubation period. (B – D) Confocal 
fluorescence microscopy images illustrating internalization of FITC-labeled particles of 
different sizes by HEK293T cells. (B) Smaller particles (< 2 µm) were readily taken up 
by cells, whereas (D) larger particles (> 5 µm) mostly adhered to the cell surface. (C) 
Particles in the size range of 2 to 5 µm were only taken up to some extent, as indicated 
by yellow arrows. 
 
Next, we tested the capacity of the particles to evade clearance and elimination from 
human blood by incubating them with monocytes and lymphocytes at a more 
therapeutically relevant particle to total cell (lymphocytes and monocytes) ratio of 1:1. 
The cell ratio between living lymphocytes and monocytes are as follows: 3h: 47.5% : 
A) 
B) C) D) 
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12% = 3.96 : 1, 18h: 39.3% : 6.03% = 6.52 : 1 and 24h: 34.2% : 3.45% = 9.91 : 1 (Figure 
5.3). FACS analysis indicated that after a 24 h incubation period, uptake by lymphoctyes 
remained negligible. However, 50.9% of monocytes were observed to have taken up 
particles after 24 h incubation. This is not a surprising result since monocytes are known 
to perform phagocytosis on foreign substances whereas lymphocytes are responsible for 
immune response such as the release of antibodies. Overall, results from the uptake of 
particles by HEK293T cells, monocytes and lymphocytes indicated that these particles 
could function as a targeted delivery system that escapes clearance (< 34%) by the 
phagocytotic system within a 18 h incubation period. 
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Figure 5.3 FACS analysis of lymphoctyes and monoctyes incubated with a fixed total 
cell (lymphocytes and monocytes) to particle ratio of 1:1 after 3 h, 18 h and 24 h 
incubation periods. The % label in SSC-FSC plots refers to the % of entire cell 
population that is comprised of living monocytes or lymphocytes. 
 
5.3.3 Selective Release of Biomacromolecules  
Next, we aimed to demonstrate the effectiveness of these “capsule-like” particles to 
selectively release small molecules and retain larger macromolecules. A novel tripartite 
DNA structure (~250 bp on gel) was synthesized by hybridizing three DNA 
oligonucleotides via sequences for T7, T3 and SP6 promoters to create a bulky 
macromolecule (Figure 5.4). Successful in-vitro transcription of the tripartite DNA 
template produced luciferase shRNA (~35 bp on gel) at a 1:3 molar ratio. miR367, a 
smaller biomolecule (23 bp), was commercially purchased and used as comparison in 
the experiment. Three different core-shell particle samples encapsulating different 
biomolecules were prepared: RNA-particles encapsulating luciferase shRNA or miR367 
and DNA-particles encapsulating tripartite DNA templates. The particles were prepared 
using PA-g[5.0]-PEG/PSSA as polymer pair for layer numbers 2, 4, 6, 8 and 10. The 
four different particle samples were incubated in 1x PBS buffer to test the release 
efficiency of the differently-sized biomolecules for different layer numbers. For each 
experiment, 25 µL of particle suspension (40 000 particles/µL) was incubated in a total 
buffer volume of 450 µL. After 11 h incubation, 5 µL aliquots were collected from the 
supernatant and tested for RNA or DNA. Quantitative PCR using primers specific for 
the tripartite DNA or the RNA transcript was performed to obtain accurate quantitative 
data.  
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Figure 5.4 Schematics depicting the molecular design and corresponding gel 
electrophoresis images of the (A) linear DNA template, (B) tripartite DNA template and 
the (C) luciferase shRNA transcript. The size of the tripartite DNA is ~250 bp and the 
shRNA is ~35 bp on gel electrophoresis. 
 
The results indicated a consistent decrease in release efficiency of DNA/RNA for all 
particle samples as layer number increased (Figure 5.5A). The decrease in release 
effiency was also observed to be directly dependent on the size of the encapsulated 
biomolecule. DNA-particles encapsulating the bulky tripartite DNA molecule (~250 bp) 
exhibited the most significant decrease in release efficiency whereas RNA-particles 
encapsulating the smallest miR367 molecule (23 bp) displayed the lowest decrease in 
release efficiency as layer number increased.  
Based on the experimental data collected from the DNA- and RNA-particles, the 2 layer-
coated particles exhibited the largest difference in number of molecules released (2.39 
x 108 molecules/µL) between luciferase shRNA and tripartite DNA. Therefore, a 2 layer 
assembly was chosen for Mix-particles encapsulating both tripartite DNA and shRNA. 
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The particles were incubated in 450 µL of 1x PBS buffer for 21 h and 5 µL aliquots 
were collected at time points of 2, 5, 10, 20, 40, 80, 160, 320, 640 and 1280 min from 
the supernatant. The aliquots were then tested for DNA/RNA molecules via quantitative 
PCR. Results from the Mix-particles showed a relatively consistent release of shRNA 
(~30% over 20 h) and almost full retention of DNA template molecules (~1% over 20 
h) (Figure 5.5B). These are promising results and demonstrate the effectiveness of these 
particles to selectively release small shRNA molecules and retain the tripartite DNA 
macromolecules.  
  
    
A) 
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Figure 5.5 (A) Graphs comparing the release efficiency of luciferase shRNA, tripartite 
DNA and miR367 molecules from separate particles pre-encapsulated with the 
respective molecules. (B) The cumulative release of RNA and DNA from particles pre-
encapsulated with a mixture of luciferase shRNA and DNA molecules. Cumulative 
release refers to the total summation of molecules released at each time point (e.g. 
Cumulative X10min = X2min + X5min + X10min).  
 
5.4 Conclusion 
To conclude, we demonstrated a systematic and facile approach to fabricate micron-
sized core-shell particles with membrane-like polymeric shells. These “capsule-like” 
particles were shown to be readily internalized by HEK293T cells through confocal 
studies and FACS analysis. Lastly, we also demonstrated the selective release of small 
shRNA molecules and the retention of larger DNA molecules. Combined with the 
versatility to engineer shell density and thickness, this polymeric assembly displays 
great promise as a mulitcompartmentalized bioreactor capable of both synthesis and 
sustained release of small molecules. This will have potential applications in artificial 
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CHAPTER 6 - CONCLUSION AND FUTURE WORKS 
 
6.1 Conclusion 
In this PhD work, we have successfully developed an integrated colloidal system 
utilizing various particle and capsule morphologies. With this approach, systematic and 
facile modification of encapsulation, adsorption and release properties of polymeric 
colloids can be achieved. In Chapter 3, edible and biodegradable hollow capsules were 
prepared from GRAS materials and displayed enzymatic release of biomacromolecules. 
The degree of enzymatic degradation can be tailored by varying layer number and 
crosslinkers. These capsules could be used as digestible drug delivery vectors in the 
food or biomedical industry.  
Chapter 4 discussed about the synthesis of core-shell or full hydrogel particles with 
multi-density shell compartments. The number, volume or density of shell 
compartments can be adjusted by adjusting layer number or polymer concentration. 
These multi-density shell compartments were demonstrated to be able to retain and/or 
separate biomacromolecules according to size, hence complementing current 
multicompartmentalization strategies and grant greater control over the release and 
separation of biomolecules. Such polymeric assemblies could have applications in 
bioanalytics or tissue engineering as multi-density spherical scaffolds.  
Lastly, in Chapter 5, core-shell particles with membrane-like polymeric shells were 
fabricated from a facile and systematic approach and shown to exhibit selective 
encapsulation and release of biomacromolecules. The permselectivity of particles can 
be tuned by modifying layer number and polymer concentration. These particles were 
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also demonstrated to be successfully internalized by HEK293T cells and display great 
promise in biological applications as biostable delivery vectors capable of passive and 
selective release of small molecules. 
To conclude, we demonstrated the potential of this approach in creating an integrated 
and multi-functional colloidal platform. These polymeric assemblies could function as 
biodegradable delivery vessels for controlled enzymatic release of cargo, as biostable 
delivery containers for passive and selective release of small molecules or even as multi-
density compartments for the separation of differently-sized macromolecules. The 
polymeric capsule or particle assemblies created from this approach could potentially 
serve as both delivery vehicles and reaction compartments and are envisioned as viable 
platforms for artificial cell mimics, advanced drug delivery, regenerative medicine, 
theranostics and other applications in synthetic biology. 
 
6.2 Future Works 
In the long-run, we envision that this multi-functional colloidal platform could be 
utilized to synthesize particles or capsules with unique structures for use as molecular 
building blocks for the construction of entire artificial cells or organelles (Figure 6.1A). 
Our multilayed polymeric capsules and particles are particularly suitable by virture of 
their superior mechanical stability, semipermeability to small molecules and highly 
tunable colloidal properties. Such engineered organelles could be used as substitues in 
tissues or organs that are deficient in certain cellular functions, in an innovative 
therapeutic approach termed “Capsule Therapy”.  
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In capsule therapy, these polymeric assemblies will serve as RNA-synthesizing smart 
capsules for applications in regenerative medicine (Figure 6.1B). Functional small RNA 
will be synthesized endogenously (inside cells) via encapsulated transcription and 
selectively released while retaining the bulkier DNA template molecules. This approach 
utilizes antisense inhibition of cellular micro RNAs (miRNAs) to enhance the 
expression of genes that improve cellular function or shRNA- and miRNA-mediated 
RNA interference to suppress those associated with diseases. This will be the first step 
towards the invention of a facile, highly effective method in suppressing disease-related 
gene functions or enhancing cellular function This approach eradicates any risks of 
genetic or cellular integration posed by classical methods such as gene[131] and cell 
therapy,[132] where the target genome or cell is permanently changed and adverse effects 
are passed on to the offspring.  
 
Figure 6.1 (A) Schematic illustration of the fusion between a biological and an artificial 
cell. Reprinted with permission from ref. [133]. Copyright 2009, Royal Society of 
Chemistry. (B) Schematic illustrating the concept of RNA-synthesizing smart capsules 
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